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Present Status of Accelerator R&D for the .ILC 

Koji Takata 

KEK 

This is an overview of progress in accelerator R&D work, as of February 1992, 
for the JLC. Details of our work may fall into three categories: (1) parameter optimization, 
(2) separate R&D works, most of which are experimental and are being carried on rather 
independently from each other, (3) promotion of the ATF(accelerator test facility) project 
with emphasis put on design and construction of a test damping ring. 

Parameter Optimization 
The parameters for the center-of-mass energy 1 TeV are listed in the table below. 

They are basically the same as old ones, although many detailed modifications have been 
made according to progress in simulation studies and hardware developments. The key 
parameter would be the X-band RF frequency chosen at 11.424 GHz from the beginning. 
Technologies of high power klystrons at such a high frequency are quite new to us and a 
lot of hard R&D work should be carried out to practically use thousands of such tubes in a 
linear collider. If we limit the center of mass energies to about 500 GeV or lower, 
however, we may choose a lower RF frequency where the RF source technology is far 
easier. This option might be attractive if we have to construct a linear collider very soon. 
Such a possibility is, however, not certain enough at present. Therefore R&D work for the 
RF source shall be still restricted to 11.424GHz. In fact X-band klystron and structure 
studies are halfway and require at least a few more years for us to get convincing results. 
Any action which impedes activities in this direction would be unfavorable, possibly 
making many of the achieved results useless, under present circumstances of the unripe 
technological status. Furthermore the total AC power would surely become impracticably 
large if the energy has to be raised eventually to 1 TeV. 
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Various R&D Studies 
The separately going R&D studies consist of the following programs: (1) electron 

/positron sources. (2) X-band klystrons, (3) X-band structures, (4) final focus optics 
design and hardwares, (5) design of the interaction region. 

The elecironlposiiron sources 
We have achieved noticeable advances in the development of polarized electron 

sources and RF gun. With photocathodes of aluminum-gallium-arsenide/gallium-arsenide 
superlatticc irradiated by circularly polarized laser lights at about 800 nm, the Nagoya 
group obtained a polarization of 71 %. An even greater polarization of 85% was marked for 
another type of photocathodes made of strained gallium-arsenide. Based upon these results 
we are developing a high voltage gun which will meet requirements of the JLC design. 
Development of the RF gun evolved out of the former lasertron work. The same 
techniques were applied to develop a cesium-antimony photocathode and a mode-locked 
laser, both being key elements in the system. We used a single cell S-band cavity to 
accelerate photo-emitted electrons to relativistic energies. Quite recently we have for the 
first time observed electron bunches with an energy around 0.9 MeV and a population 
around 1 x K)'0 particles/bunch, when the photocaihode was irradiated by 20 ps laser 
pulses which were locked to the S-band frequency with a time interval of 5.6 ns. 

X-hand klystrons 
Two types of X-band klystrons are being developed. One is of a low-perveance, 

medium-power type. Model XB50K. With a 0.6 micro-perveance beam produced at a 
cathode 50 mm in diameter, the tube is expected to generate a peak power of 30 MW ur 
more at the beam voltage 450 kV, according to simulations. The first high power test, 
which was carried out in 1990, stopped at an output power level of 11 MW due to an 
output window failure. After improving the window design, we resumed the test in 1991 
and were able to reach 18 MW successfully. We slopped the test at this level because we 
wanted to use the tube for the first high-gradient test in the X-band frequency. Another 
type is Model XB72K. With a cathode 72 mm in diameter, it has a micro-perveance of 1.2 
and is expected to generate output power higher than 120 MW for a beam voltage 600 kV. 
The first tube of this model has been already delivered to KEK. The high power test will 
start in March 1992. 

X-band structures 
The main issues are: (I) development of technologies for precise machining, (2) 

simulation study of various damped structures, and (3) high gradient test. 
In fabrication of typical X-band structures, required dimensional tolerances are on 

the order of 1 micron or smaller. Soft copper of a high purity is usually not an appropriate 



material for the precision machining. Such technology is not popular in the industry. 
Therefore we have been developing the technology in the KEK machine shop. By 
improving position controllers on a conventional lathe, we established techniques for 
precise machining of unit cells of a standard structure with satisfactory accuracy. We are 
now carrying out tests to braze them together with minimized deformations. We plan also 
to apply diffusion bonding with the aid of a thin gold-sputtered-layer between them. 

Simulation studies are going on for detuned structures and those having damping 
ports. For the former, evaluations of long-range wakes are basically derived from 
equivalent-circuit models. It is not yet clear how accurately those models represent wakes 
of actual structures. For the latter, we have calculated many cases of a 271/3 mode unit cell 
with 4 damping ports by changing port dimensions. It seems possible to obtain a structure 
with low enough external Q values for higher modes, while the accelerating mode Q value 
being not so much deteriorated. 

The first high gradient test in the X-band started in the fall 1991 by using the 
XB.'iOK tube mentioned above. The structure under test is a conventional 27t/3-mode one 
20 cm long. With an input power of about 10 MW, we have achieved an average 
acceleration gradient of 45 MV/m. Another work in this field has been to develop a code to 
track electrons which are produced by high surface fields. Preliminary calculations seem to 
simulate rather accurately electron energy spectra observed at experiments at the S-band. 

Final focus optics design and hardwares 
Our major effort has been to increase the momentum acceptance with only two 

families of scxtupoles. By an improved method of minimizing chromatic aberrations, the 
acceptance has become as large as ±0.7%. Another important study was to evaluate the 
resistive wall loss at the narrow aperture of the final quad. In order to avoid emittance 
blowup due to the resistive effect, the aperture diameter has to be at least 4 mm. 

The hardware R&D work covers the following issues: (1) fabrication of the FFTB 
final focus quads with precision supporting table, (2) development of a laser-compton 
beam profde monitor, (3) development of high precision position monitors, (4) study for 
measuring ground motions. 

In 1990 a half-size model of the FFTB final quad was fabricated. Its field quality 
was satisfactory by the measurement in the summer of 1991. The full-size model is under 
fabrication at an outside factory. Regarding the laser-compton monitor design studies of 
the laser system were completed and most of its optical components are being 
manufactured. Beam tests will be carried out at the FFTB next year. We are developing a 
beam position monitor which is made of transverse mode cavities. The expected sensitivity 
would be 10 nm or smaller. We set up a water-level system in the TRISTAN main ring 
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tunnel lo measure the ground motion for a long term. A seismometer was also installed at 
the same place. 

Interaction region study 
It began rather recently. Most of efforts have been concentrated on survey of the 

nature of background noises. To trap background panicles within a small axial region at 
the interaction point, it seems necessary to increase the axial magnetic field as high as' 2 
Tesla for center of mass energy 1 TeV. But it needs careful design studies to achieve this 
without disturbing the field qualities of the final quad. The enlargement of the final quad's 
aperture is, anyway, favorable to reduce back scattered noise particles. 

ATF Construction 
The main purpose of the ATF is to construct a 1.54GeV test damping ring. For 

any type of linear collider, the invariant luminosity is determined at the damping ring. The 
JLC design requires for the damping ring to achieve a normalized vertical emittance of 3 x 
10"" rad.m, which is about one order smaller than that of conventional storage rings. 
Therefore we think it essential in R&D work to construct a test ring and verify that such 
low emittances are actually achievable. Due to a limited area available for the construction, 
it was difficult lo fully optimize design parameters, but we could still find a lattice 
configuration to get a luminosity less than 5 x 10"° rad.m. The lattice will be a combined 
FOBO one in combination with conventional electromagnet wigglers which occupy 35% of 
the 150 m long circumference. General parameters have already been fixed and correction 
schemes with steering dipoles, skew quads and chromaticity sextupoles are being 
surveyed. Oilier issues are to reduce jitters in the beam extraction by use of a double kicker 
magnets and also to suppress mulch-bunch instabilities with RFQ's. 

Reconstruction of the building is progressing. It is mainly for installing a lot of 
shielding concrete blocks for the 1.54 Ge V S-band injector linac and the ring itself. In the 
latter half of 1991, a quarter of the whole floor area was reinforced. The S-band linac has 
been constructed at the Nikko experimental hall of the TRISTAN ring. It will be 
transferred to the new building in 1992. 
Conclusive Remarks 

Finally I would like to mention the schedule of X-band klystron tests. The first 
tube of type XB72K 100 MW-cIass klystron will be tested in March. For the XB50K tube 
which was tested last summer will be soon operated for our first high gradient test at the 
X-band. The results of the both experiments will give us valuable information which 
would be vital to further our R&D work on X-band technologies. 
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Typical JLC Parameters 

Global Parameters 
Beam energy 
Repetition frequency 
Number of particles/bunch 
Number of bunches/RF pulse 
Beam power per beam 
Normalized emittance 

Luminosity 
xl033/cm2/sec 
Total accelerator length 
Maximum wall plug power 
Beam-beam Interaction 
Rms beam size at IP 

Aspect Ratio 
Rms bunch length 
Beamstrahlung parameter 
Average energy loss 
by beamstrahlung 
Crossing angle 
Final Focus System 
Beta function at IP 

Length/beam 
Quad to IP distance 
Aperture of the last quad 

ErM=lTeV 

2E 500+500GeV 
f r e p 150 Hz 
N 2 .2x l0 1 0 

N b 20 
Pb 5.2 MW 
£Xn 5xl0" 6rad.m 
£y n 5x10"8 rad.m 
Ezn 8.0 eV.m 
L 9.7 

25 km 
200 MW 

o x 410 nm 
Oy 3.1 nm 
R 132 
c z 103 \lm 
Tmax 1 0 

5 15% 

6 4.4 mrad 

Px* 29.5 mm 
P y * 120 nm 

542 m 
1.0 m 

2a 4 mm 



Main Linac 
RF frequency 
Nominal ace. gradient 
Number of structures/beam 
Structure length 
Q value 
RF power/structure 
Accelerating mode 
Filling time 
Iris radius/wavelength 
Group velocity 
Attenuation parameter 
Normalized elastance 
Extraction efficiency 
Bunch spacing 
Beta function 
Damping Ring 
Energy 
Equilibrium emitlance 

Equilibrium bunch length 

fRF 11.424 GHz 
G 80 MV/ra 

7,474 
122 cm 

Q 6,700 
Po 202 MW 

2TI/3 

Tf 92 nsec 
a/X 0.18 
Vg/C 0.055 
T 0.40 
SO 0.53 Vm/pC 
nbl 3.1 %/bunch 

«b 1.40 nsec 

P(s) 3.0VE/10GeV 

1.54 GeV 
e x n 3xl0-°rad.m 
gyn 3x10"* rad.m 
a z 5.0 mm 



Possible Change of JLC Parameters 

Kaoru YOKOYA 

National Laboratory for High Energy Physics, Oho, Tsukuba-shi, Ibaraki, 305, J apan 

The latest parameter set of the JLC is the one published in May 1991. The major 
changes since the precceeding parameter set were the increase of the number of particles 
per bunch (.V) and that of the number of bunches per pulse (mj) for higher luminosities. 
The increase of A' makes it necessary to open the iris aper ture a/\ of the Jinac cavities a 
little more in order to avoid heavy beam-loading and instabilities. Also, the equilibrium 
eniiUance <j. in the damping ring has to be a little larger because of the intrabeam 
scattering. Thus , the changes in May 1991 were 

a/A 0.14 -. 0.1S 
A' l x lO 1 0 -* (1.5 ~ 2 . 5 ) x l O I 0 

for 0.5 ~ 1.5 TeV 
»>6 10 -. 20 
« r 3 x l 0 - 6 — oxlO" 6 (rad.m) 

This parameter sot is shown in Fig. 1, where variations of various parameters as 
functions of the beam energy are plotted. In each graph the beam energy changes from 
250 GeV (left.) to 750 GeV (right). The notation is 

o. r.m.s. bunch length 
6I. 3V be ta functions at the collision point 
<?croi, crossing angle 
Or; phase delay of the linac rf crest w.r.t . the bunch center 
Ptcl total input power to the linac structures 
P-pmk rf peak power per cavity 
J\Ei decrement of energy due to <pr/ and single bunch wake 
SEFULI peak-to-peak single bunch energy spread 
^EBNS energy slope (u./E)((lE/d:) needed for the BNS damping 
AEBS average energy loss due to beamstrahlung 
Rmask required radius of Tauchi mask 
n , average number of beamstrahlung photons per electron 
D x , Dy disruption parameters 
crr, tjy transverse beam size at the collision point 
T m „ maximum beamst iahlung parameter 
(?,„(,,- parameter of the multilumen crossing instability 
yc.at alignment tolerance of the cavity structures 



4.1 

4.0 

af am 
4.1 

4.0 

U - \ -
9.0 

f igure 1: J L C Parameters as of May 1991 

The arrows on the right in some of the graphs show the specified upper or lower 
limit. The following parameters are independent of the energy and are not shown in 
I-'ifi.l. 

rf frequency 
repetition rate 
number of bunches per pulse 
nominal accelerating gradient (2oO~750GeV) 
cavity length 
cavity iris aper ture 
normalized horizontal emit tance in damping ring 
vertical/horizontal emit tance ratio 
omit tance blowup factor in linac and final focus 
particle loss in linac and final focus 
detector solenoid field 
location of Tauchi mask 

frf 11.4 GHz 
Jrep 150 Hz 
m j 20 
Gaa 40~120 MeV/m 
Icav 1.22 m 
a/A 0.1S 
£x SxlO" 6 rad.m 
tjtr 0.01 
(hor/ver) 1.1/1.5 

10 % 
B,0i 1.5 Tesla 
t n w t 0.3 m 

In the two workshops held in Sep.1991, namely, the physics workshop at Saariselka 
and the accelerator workshop at Protvino, the background problem from various sources 
were intensively discussed. The backgrounds can be classified into two categories; those 
of accelerator origin created in the linac and in the final focus system and those of 
physical origin at the collision point. The first one includes the particles in the halo, 
dark current, the synchrotron radiation, muons created in the collimator, etc. Studies 
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of these background are in progress. The latter category includes the QCD backgrounds 
such as the "minijets" which will be discussed in the talk by Miyamoto in the present 
meeting and also includes the QED background such as the large-angle e + e ~ pairs to 
be discussed by Tauchi. The minijet problem might impose some design constraints on 
the spacing of the bunches but we will not discuss this problem here since its theoretical 
estimation has not yet been settled. We shall discuss here the implication of the QED 
background. 

In the beam-beam collision, many low-energy particles are pair-created through 
QEI) processes. These particles can be deflected by large angles because of the strong 
beam-beam field and may hit the detector directly or hit the final quadrupole magnet 
of the on-coming beam to create secondary particles which can be back-scattered to the 
detector region. As is discussed in the talk by Tauchi, the back-scattered particles are 
to be stopped by Tauclii mask" which is a cone surrounding the quad. Let us denote 
the distance and the radius of the tip of the mask by Lmask and Rmask-

Figure 2: Tauchi mask 

Consider a particle (one of the particle in a pair) with energy eEo- If we ignore 
the angle a t its creation, the maximum deflection angle due to the beam-beam force is 
given by 

0<0of{z). (0.1) 

with 
"TDT „ . . 1 

0o = / ( c ) = min 
« 1 

log[iy/3Dt/e) 
y/ZeDr 

(0.2) 

After travelling over the longitudinal distance Lmask in the solenoid field Bsoi (we ignore 
the crossing angle), the distance from the axis becomes 

r(L) = 2Po0 
±Po 

Pa • 
EE0 

0.3Bso!' 
(0.3) 

which takes maximum as a function of t at i % (Q.3/2)B30t^m.ask/Eo- The maximum 
value of r is proportional to 

J*mar &. ^mask 
E0 

a. V DIB,0iLma,u 
kN 

(0.4) 
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I In oriiiT to suppress tiii.s particle to hit the mask directly, the radius of the mask must 
' he lamer than rtn,tI.. In the present design, we assumed i ^ a J 1 t = 3 0 c m , i? J O /=1.5Tesla 
j anil / i ' . n , , i = 1.oci]i. However, as is shown in Fig. 1. it turned out that Rmaik as large as 
'• 5 to 3 n n (depending on the beam energy) is needed. In order to avoid this problem, 
< we have either to decrease .V or to increase Bs0icr.. 
f After imposing a condition R m a s t < I .5cm, we obtained a new parameter set shown 
"• in Fig. 3. Since the opt imum A' is now small like in the design before May 1991, we have 

restored the old values of a /A=0.16 and £ 2 . = 3 x l 0 _ 6 r a d . m . Fig. 4 shows the parameter 
set with cral) crossing. The parameters at the collision point is summarized below. At 
all the energies we adopt / .„ l a s A .=0.3ni and fi„i=2.0Tesla. T h e choice of B s o i = 3 Tesla 
would make it dillicult to shield the solenoid field over the final quad. 

KCM 0.5 1.0 1.5 TeV 
S 1.0 1.2 1.3 x lO 1 0 

(7- 122 126 133 / i m 

(TT 260 220 2.55 nm 
<?v 3.1 2.-1 2.2 nm 
T 

1 max 
0.32 o.yo 1.15 

L 2.3 5.0 5.7 Xl0 3 3 /cm 2 s 
(witl crab) 3.2 7.S S.7 

Note that these parameter set is only tentative. It is not yet to replace the old one 
officially. 
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Figure 3: New Tentative Parameters without Crab Crossing 
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Figure 4: New Tentative Parameters with Crab Crossing 
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Abstract 

A simulation program has been developed in order to design an intense positron 
source for the Japan Linear Collider (JLC). The results of simulations indicate that the 
positron yield strongly depends on the transverse acceptance of the beam transport 
system downstream of the target. 

Introduction 

JLC is a future electron-positron linear collider with a cm. energy of 1.5 TeV and a 
luminosity of 10 ; ! 4 cm" 2 s" 1 , which has been developed at KEK.' 1 ' Since in linear 
colliders the beam after colli.sion.s cannot be used again, an intense positron source must 
be developed. In the case of JLC, 2.0X1010 particles/bunch and 20 bunches/pulse wi'.h a 
bunch spacing of 1.4 nsec (Fig. 1) is required at an interaction point in order to realize 
such high luminosity. Therefore, we must generate a pulse intensity of more than 4.0 
xlO 1 1 particles/pulse. 

Two methods exist to generate such a high-intensity positron beam: 
(1) Impingement on a thick converter target by high-energy electrons of around 30 GeV 
initiates an electromagnetic cascade shower; positrons are then captured and accelerated, 
as has already been done at SLC. ' 2 ' 1 ' 3 ' The system comprises an electron linac, a 
converter target, a phase-space transformer and an acceleration section, as schematically 
shown in Fig. 2. 
(2) Impingement on a thin converter target by high-energy photons generated through 
an undulator with the use of high-energy electrons of more than 100 GeV initiates an 
electromagnetic cascade shower; positrons are then captured and accelerated, as 
proposed by 1NP (Novosibirsk) and DESY/THD.I4) 

The maximum intensity of available positrons is limited by thermal problems in the 
first method. On the other hand, the second method could be used if there is no 
possibility of generating the required positron intensity by the first method or that 
polarized positron beams are required. A pulse intensity of 3.0 XlO 1 0 particles/pulse 
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has been attained at the SLC positron source.'4' Although the pulse intensity of the JLC 
positron source is 13-times that of SLC, we have decided to adopt the first method. 

In order to enhance available positrons by using method (1), we must develop a 
positron-source design for (a) enhancement of the positron yield, (b) enhancement of 
incident electrons impinging on the target and (c) enhancement of the transmission 
efficiency between the target and the damping ring, and between the damping ring and 
the interaction point. In order to realize these improvements, the parameters of the 
positron source, (discussed in following sections) must be optimized. This complicated 
system, however, makes analytic calculations difficult, except for in idealized cases. A 
computer simulations could provide one way both to calculate and optimize the 
performance of the system. A simulation program for the positron source has been 
developed at KEK and a study of the JLC positron source has been carried out. The 
results of the simulations for the JLC positron source are described. We are now 
constructing the Accelerator Test Facility (ATF) in order to carry out experiments to 
develop the essential technology for JLC. The calculated results will be verified in 
experiments regarding a prototype positron source. 

Positron source for the JLC 

In JLC. a pre-damping ring has been adopted to increase the normalized emittance of 
the positron beam which can be accepted by the damping ring.' 5 ' If we assume that the 
normalized yield is 0.15 e+/e"/GeV and the transmission efficiency between the pre-
damping ring and the interaction point is 60%, the required pulse intensity 
becomes 4.5 x l O 1 2 GeV (720 J). The normalized yield is defined as the number of 
positrons accepted by the pre-damping ring, divided by the number and energy (GeV) of 
incident electrons; the assumed normalized yield is thus comparable to 4.5 positrons 
generated by a 30 GeV incident electron. The assumed yield is three- times higher than 
the normalized yield of SLC and the required pulse intensity exceeds the allowable pulse 
intensity of a solid metal target of around 320 J obtained by operational results of the 
SLC positron source. 

Simulation methods 

An electromagnetic shower cascade in the converter target is simulated by a Monte 
Carlo program called EGS4.' 6 ' This program provides the position and momentum of 
positrons at the exit of the target. The positrons emerging from the target are then 
tracked through the phase-space transformer and accelerating sections using the Runge-
Kutta method. In the phase-space transformer section, the magnetic field produced by 
the adiabalic device (as shown below) is taken into account.'7' 

R B 0 A 
B z = 1 + M - Z 3 n d 
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= _ _r_ djSz _r^_ d3Bz 
B r ~ 2 d z 1 6 d z 3 

In the accelerating section, acceleration in a sinusoidal longitudinal electric field is 
assumed to be as follows: 

E x = E y = 0 and 
E z (t) = E 0 sin((ot — kz + <(>), 
a>=27iv, v=2856MHz, 
k=co/c, 
where <|> is the initial phase. 

The positrons accepted by the phase-space transformer section have a large spread in 
energy and concentrate at less than lOMeV. After the accelerating section, the positrons 
slip in phase. Furthermore, a non-zero transverse momenta of the positrons results in 
an additional phase slip since the helical motion has a longer path length than that from 
straight motion down the axis. The acceleration field is, therefore, taken into account 
regarding the time dependence in this simulation. 

Simulation results 

At first, the parameters of the positron source derived from those of SLC (shown in 
right column in Table 1) were simulated. The simulated positron yield at various 
positions are given in the results column of Table 1. At the exit of the target, 66 
positrons exist due to a 33-GeV incident electron; however, 5.2 positrons can emerge 
from the accelerating section. Among them, 2.8 positrons are within the transverse 
acceptance if we assume the transverse acceptance of the beam transport between the 
positron source and the pre-damping ring to be TE=3X10"^ rad-m. Finally, 1.8 positrons 
are within the energy acceptance of the pre-damping ring (AE/E= +1%). 

Since a simulated positron yield of 1.8 e+/e- is insufficient for the required yield, the 
parameters are modified. The following indicate the directions of modifications: a) 
enlargement of the incident beam size and the iris aperture of the accelerating section, b) 
optimization of the initial phase in the accelerating section, c) enlargement of the 
magnetic field in the phase-space transformer section and the solenoidal field in the 
accelerating section. The obtained parameters and results are shown in the right-hand 
column of Table 1. Figures 3 and 4 represent the calculated transverse and longitudinal 
momenta of a positron at several positions, respectively. Figure 5 represents the 
calculated longitudinal emittance of a positron at several positions. At the exit of the 
accelerating section, 2.4 positrons are within the transverse and energy acceptance. 
Since the incident beam spot size was enlarged from a=0.8 mm to 1.2 mm, the 
normalized thermal heat load for the target is expected to be reduced and the incident 
beam energy can, thus, be increased. If the thermal stress is simply relaxed proportional 
to the incident beam area, we could increase the incident beam intensity by a factor of 
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2.25 (=(0.8)*7(1.2)2): the number of available positrons could also be increased by a 
factor of 2.25. 

Figure 6 gives the positron yield in changing the acceptance of the beam-transport 
system. As indicated in this figure, the positron yield greatly depends on the transverse 
acceptance downstream of the target, not on the energy acceptance of the pre-damping 
ring. If we design the beam transport system to have a transverse acceptance of 
yc=lxl()"'- rad-m, the positron yield would be nearly 6.0. 

Summary 

We have developed a simulation code for designing a positron source. The directions 
required to develop the JLC positron source have been revealed to be as follows: 
(1) To enhance the transverse acceptance of the beam-transport system ( Y£=lxl0~2 

rad-m.): only enhancement of the energy acceptance is not very efficient. 
(2) To design (he phase-transformer and acceleration section so as to enlarge the incident 
beam spot size for relaxation of the thermal stress at the target 
We must carry out further simulations and thermal analysis regarding the target and for 
designing the beam-transport system. 
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Table 1 Preliminary parameters and simulated results for SLC-type and JLC positron 
sources 

Conditions 
(Target section) 
Material 
Thickness 
Incident beam energy 
Incident beam spot size 
(Phase-space 
transformer section) 
Peak mag. field 
Length 
(Accelerating section) 
Accelerating field 
Length 
Dia. of beam hole 
Solenoidal field 
Initial phase 

Simulated results 
e+/incident e-
At the exit of the target 
At the exit of phase-
space transformer 
section 
At the exit of 
accelerating section 
After emittance cut 
CyE=3xlO-3radm) 

A f t e r e n e r g y 
acceptance cut (AE/E= 
+ 1%) 

SLC-type 

Tungsten 
6 R.L.=2lmm 
33GeV 
C=0.8mm 

6.8 T 
10cm 

50MV/m(15MV/m) 
1.5m (3.0m) 
1.8cm 
0.5 T 
90° 

65.9 
34.9 

5.2 

2.8 

1.8 

JLC( tentative) 

Tungsten 
6R.L.=21mm 
33GeV 
a= 1.2mm 

8.0T 
10cm 

50MV/m(15MV/m) 
1.5m (3.0m) 
2.6cm 
0.8 T 
90° [-10°shifted after 
120 MeV] 

65.9 
34.9 

15.3 

3.1 

2.4 

( ) :Low gradient acceleration section 



6.67 msec (150Hz) 

_ J Mas L_ 
Fig. 1 Bunch structure for the JLC 
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Fig. 2 Schematic diagram of the conventional positron source 



(a) (b) 

S - ^ r = ~ 

[-"ig.3 The calculated transverse momentum of a positron at several positions (a) at the exit of the target, (b) 
;<t the exit of the phase-transformer section, (c) at the exit of the accelerating section ( within YE=3XIO-3 

rad-m and AE/E= ±1%). The horizontal axis represents the transverse momentum. The vertical axis 
represents the number of events. 
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Fig.4 The calculated longitudinal momentum of a positron at several positions (a) at the exit of the target, 
(b) at the exit of the phase-transformer section, (c) at the exit of the accelerating section ( within 7E=3xl03 

ratl-m and AE/E= ±1%). The horizontal axis represents the longitudinal momentum. The vertical axis 
represents the number of events. 
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Fig.5 The calculated longitudinal emittance of a positron at several positions (a) at the exit of the target, (b) 
ai the exit of the phase-transformer section, (c) at the exit of the accelerating section, (d) after emittance cut 
(yF=3xl()--1 rad-m ). (e) after energy acceptance cut (AE/E= ±1%). The horizontal axis represents phase 
with respect to the accelerating field. The vertical axis represents longitudinal momentum in units of mo,c. 

x 1 0 

Normalized emittance 

Fig.6 Positron yield in changing the acceptance of the beam transport system followed by the target. 
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Thermionic Gun for JLC and ATF 

T. Naito 
KEK, National Laboratory for High Energy Physics, 

1-1 Oho, Tsukuba-shi, Ibaraki-ken, 305 Japan 

ABSTRACT 

In order to generate multi-bunch beam for JLC and ATF, we are developing thermionic gun and sub-
harmonic buncher(SHB) system.[l] At the first stage to realize the parameters, we were trying to 
generate 1) a single short bunch, high current beam and 2) a pair of short bunches beam with short 
interval. To generate multi-bunch over 20 bunches, the design of the grid pulser is also mentioned. 

1 INTRODUCTION 

The Accelerator Test Facility (ATF) has been built at KEK as a development bench of the Japan Linear 
Collider (JLC) project (Fig. 1). Presently the ATF consists of a thermionic gun, three sub-harmonic 
bunchcrs (SHB, 119 / 238 / 476 MHz), two single-cell pre-bunchers and a traveling wave S-band 
buncher, followed by a high-gradient accelerating structure. Varioas experiments are planned for the 
gun. operations of high power klystrons, acceleration of high-current, single- or multi-bunched beams 
with high-gradient structures, low-level RF devices, as well as the control system. A design study is 
under way to expand this facility in the near future, and to incrementally build a chain of a 1.5 GeV 
linac, a low-emittance damping ring, and a bunch compressor. 

240kV 
Thermionic 
gun 

SHB 
119MHz 

SHB 
238MHz 

SHS 
476MHz 

0.6 m 
Accelerating 
Structure 

Quadrupolfl 
Magnet 

Analizer 
Magnet 

i n i i i i n 
n i ioi<MQ_fln 
8 8 8 8 3 8 8 8 8 

Fig. I Layout of ATF. 
IP: Ion pump, WM:Wall current monitor , PMrProfile monitor, FC: Focus coil. 
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The thermionic electron gun described in this paper uses a dispenser cathode with the area of 2 cm2 
(E1MAC V-796), operating up to 240 kV. It has been successfully generating a single-bunch, high-
current beam with a short pulse width [2]. The beam was accelerated with a high-gradient structure 
over 80 MV/m. 
At the JLC the gun is required to generate multi-bunch beams without any satellite pulses to achieve the 
design high luminosity at the interaction point. As a First step towards this goal we have fabricated a 
grid pulse generator (GPG1) which can generate double pulses. 1.4 ns apart, with a small width. It 
consists of two fast avalanche pulse generators and an RF power combiner. Operating with a small 
power consumption, this pulse generator can easily vary the amplitude of each pulse independently, as 
well as their time spacing. 
One drawback is th- the power loss in the RF combiner must be kept small enough to generate many 
pulses. For example, to create a pulse train with 20 pulses the loss must be -18dB. This appears to be 
difficult to achieve. Consequently we have decided to develop another type of a grid pulse generator 
(GPG2) that consists of a fast ECL circuit and an RF power amplifier. This circuit should be able to 
generate > 20 bunches/train. In this paper we describe the performance of the GPG1, experimental 
rcsu lis of beam emission with this GPG1, and prospects for the development of GPG2. 

2 AVALANCHE TRANSISTOR 
PULSE GENERATOR 

[n earlier experiments at ATF a single-bunch beam was generated with a fast pulse generator built by 
Kcntcch Instruments Ltd. It employs an Avalanche Transistor Pulse Generator (APG) technology that 
has been originally developed for the sweeping circuit of CRT streak cameras [3,4]. 
We have extended the APG technology in the development of GPG1. Figure 2 shows the circuit 
diagram of a Fast Avalanche Pulse Generator (FAPG). It consists of three pulse generators PI, P2 and 
P3. The PI is a single stage APG which boosts the input signal and reduces the rise time of the output 
signal. The P2 is an eight-stage APG to further boost the pulse. Although its output rise time ( 1 - 2 
ns) is not short enough, its output amplitude is well over 800 V. This allows to drive the P3, a six-
stage APG, to create a short output rise time (200 - 300 ps). The final pulse shape is formed with a 
PFN circuit and it results in a 500 ps full width, when a 3 cm semi-rigid cable is used. The amplitude 
of each pulse can be adjusted by 20 - 30 % by varying the charging voltage (V3) at the output stage. A 
typical pulse shape is shown in Fig. 3. The peak pulse amplitude and the width were ~ 500 V and 500 
ps. 
The double pulses arc formed by using two FAPGs and a RF combiner. To create two output pulses, 
the input for each FAPG is triggered at a different timing using a delay line. The pulses from each 
FAPG arc delivered to the RF combiner, whose output signal is shown in Fig. 4. The peak amplitude 
of each pulse and the pulse width arc - 300 V, and 500 ps. respectively. The reduction in the amplitude 
is due to the power loss at the RF combiner. 
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Fig.2 Schematic diagram of the double pulse generator 
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Fig. 3 Output of the FAPG 
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3 EXPERIMENT 
WITH DOUBLE-PULSE GENERATOR 

In this experiment trigger signal to the gun is synchronized to one-sixth of the S-band frequency (476 
MHz) using a synchronization circuit TD-2 that had been developed for TRISTAN [51. The total time 
jitter was measured to be 30 ps at the output of the grid pulse generator. 
The beam shape and the intensity were monitored right downstream of the gun with a wall current 
monitor with a fast beam response (- 200 ps) [6]. The position dependence of the monitor was 
corrected for comparing the signals from four port outputs. The emitted beam is shown in Fig.5. The 
peak current was measured to be 4.5 A (lxlOlO electrons/bunch), the pulse full width - 700 ps, and the 
pulse spacing 1.4 ns. The peak current of the emitted beam appears to be limited to about 1/2 of the 
space charge limit as predicted by the program ETP [7]. We believe that this is because 1) the 
amplitude of the grid pulse is not sufficiently high to obtain a high beam current, and 2) the vacuum 
2x 10& Torr is not sufficiently low for the cathode. If the grid pulse generator had larger amplitude 
and if the ability of the ion pump is improved, a higher peak current would be emitted. 
This emitted beam is not yet accelerated, individual phase control of the beams needs to be built for this 
test. 

1 6 k • • • 

l- \/\ 

Fig 5 Wave shape of double bunches beam, 
Anode voltage: 150 kV, Heater voltage: 6.2 V, 
Net drive voltage: 286 V, Vacuum 2x10-8 Torr 

4 MULTI-PULSE GENERATOR 

As mentioned earlier, it is difficult to generate more than 20 pulses per pulse train with a GPGl-type 
grid pulse generator. 
Use of fast ECL circuit and the RF amplifier is a promising candidate for an alternative solution. Fig. 
6 shows the block diagram of this scheme. A 714 MHz RF signal, synchronized with the frequency of 
the accelerating structure, is used as a clock signal to the ECL circuit. The required number of pulses 
were formed by counting and gating the RF signals in the circuit. The selected pulses arc amplified by 
an RF power amplifier. To obtain a sufficiently large output signal the RF ampliiicr is required to 
have a power of - 10 kW and the gain 60 dB. Fig.7 shows the simulated response of the RF amplifier. 



calculated with the computer code SPICE. At present the first prototype ECL circuit is being 
fabricated. It will be tested shortly. 

output 

• wwwwww 

HHIIIIH 
500ps/div 

Fig 6 Schematic drawing of multi-pulse generator. Fig. 7 Pulse response of the RF amp. of the 
multi-pulse generator 

4 SUMMARY 

We have successfully generated double-pulse beams with -lxlO'O electrons/bunch and with 1.4 ns 
spacing with a thermionic gun driven by a pair of Avalanche Grid Pulsers (APG). The beam will be 
used for the study of a 1.5 GeV linac and a damping ring. Such a APG technology will be useful for 
many thermionic gun applications. 
In order to satisfy the JLC parameter requirements, we have started developing of a multi-pulse 
generator using a fast ECL circuit and an RF power amplifier. 
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3-D Simulation for Linac Design 

Seiya Yamaguchi 

National Laboratory for High Energy Physics (KEK) 
Oho 1-1, Tsukuba, Ibaraki 305, Japan 

The input and output couplers for JLC S-band accelerating structures 
have been designed and fabricated. The design was achieved through 
computer simulation using the Kyhl method. Good matching and tuning 
for both couplers were obtained by employing a correction process only a 
few times. 

A computational simulation of a high-gradient experiment with a 0.6 
m long S-band accelerating structure has been performed. The trajectories 
and energy spectra of field-emitted electrons were simulated. The 
simulated energy spectra qualitatively reproduce the observed spectra. 

1. Design of the Couplers for an S-band Accelerating Structure 

It is required for the input and output couplers of an accelerating 
structure that the impedance is matched and that the phase shift is 120 
degrees at the operating frequency. So far, various experimental methods, 
such as the Nodal-Shift method, have been applied for determining the 
coupler dimensions, i. e. coupler diameter (2b) and iris width (W) (see 

Fig. 1 Dimensions of the coupler. Fig. 2 Admittance plot for the 
structure matched in the 
27C/3 mode. 
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Fig. 1). Since the target dimensions were obtained by an experimental cut 
and try method, it took much time. We have tried to design the coupler 
using the Kyhl method [1] with the help of the MAFIA code [2]. It was 
found that this method is very effective for determining the coupler 
dimensions. 

The procedure of the Kyhl method is explained in the following. The 
first step is to adjust the reference plane so that the detuned short plane 
for the average frequency (favc), the mean frequency of those for the 2ir/3 
and 7t/2 modes (f2u/3 and fmi, respectively), comes to the point A in the 
admittance chart (see Fig. 2). The next step is to tune the coupler cell but 
to detune the cell adjacent to the coupler cell (the first cell). If the tuning 
is correct, the data point for fave would fall on the point B on the 
admittance chart. Furthermore, if matching is correct, the data points for 
f27i/3 and fn/2 come to points C and D, respectively. In this method, 
frequency fm must be known in addition to f2n/3. However, we can obtain 
matching information from the coupler cell alone without any additional 
cells. 

The simulation procedure is as follows. The input geometry of 
MAFIA in an actual simulation and mesh in a 2D plane are shown in Fig. 
3. If the resonant frequency for a coupler cell with boundary conditions at 
the center crosssection of the first cell equal to favc, the tuning is 
considered to be correct. As for the coupling, the external Q value (Qext 

Fig. 3 MAFIA input geometry and mesh. 
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Fig. 4 Dispersion curve. 
of the coupler cell seen from the waveguide) can be a good index. From 
the relation between vg (group velocity in the accelerating structure) and 
2a (inner diameter of disk), and from the Qe« value of the existing 
coupler with correct matching[3], one can obtain a relation between 2a 
and Qexi under the assumption that Qcxi is inversely proportional to vg. 
For the given 2a values (2a = 25.287 and 18.453 mm for the input and 
output coupler, respectively) the target value of Qext can be obtained from 
this 2a-Qexi relation. We can calculate the Qext value by Slater's tuning 
curve method [4]. 

To obtain the best mesh for simulating the coupler cell, a regular 3 
cell structure was calculated by MAFIA. If we chose a properly fine 
mesh, the calculated dispersion curves agree very well with that 
experimentally obtained (Fig. 4). In this mesh, agreement can be within 
0.2%. The relative error for a cell with a different 2b size (3f/db) was 
estimated to be 0.02%. The same mesh was used for the coupler 
simulation. 

The calculated values of fave and Qext for various values of 2b and W 
are shown in Fig. 5. Fig. 6 is an example of the fave and Qext values as 
functions of W for a fixed b value. From this figure, we can obtain Qexi 
for the target fave, which is obtained from the measured dispersion curve. 
Fig. 7 shows Qexi as a function of 2b for the case of an input coupler. 
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Fig. 8 Kyhl plot for (a) input coupler and (b) output coupler. 

From this result, the dimensions 2b and W of the test coupler are 
determined to be the white circle in Fig. 5. 

The measured admittance plots for the test couplers with the smallest 
2b are shown in Fig. 8. It is clear that almost critical coupling is obtained 
for both couplers. Starting from this geometry, couplers with correct 
matching and tuning have been obtained by using the correction process 
only a few times. 

2. Simulation of High-Gradient Experiment with a 0.6 m long Disk-
Loaded Structure 

A high accerelating field of more than 100 MV/m is required for the 
X-band main linac of JLC with a center of mass energy of about 1 TeV. 
Under such a high-field operation, the dark current due to field-emitted 
electrons may cause serious problems, such as an increase of the 
background at the interaction region. It is therefore very important to 
understand the fundamental mechanism of the dark current. For this 
purpose, high-gradient experiments have been carried out with 0.6 m long 
S-band accelerating structures [5-8]. As a first step in analyzing these 
experiments, the trajectories and energy spectra of field-emitted electrons 
were simulated, and the obtained spectra were compared with the 
experimental spectra. 
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The electron trajectories were calculated by tracking the motion of 
electrons in a travelling-wave electromagnetic field obtained by a 
numerical calculation. The travelling-wave fields were obtained as a 
superposition of "symmetric" and "antisymmetric" standing-wave modes. 
These modes were calculated for the accelerating structure of three cells 
with open and short boundary conditions, respectively, using the code 
MAFIA. Since the actual acceleraing structures were of the constant-
gradient type, the travelling-wave field could be approximated as being 
that of a lossless constant-impedance structure. It was assumed that a 
primary electron was emitted from a certain point on a disk surface when 
the electric field at the point can extract electrons toward the vaccum. 
The initial velocities of the emitted electrons were set to zero. The 
equation of motion is 

d(mev) 
dt = -e(E+vxB), 

where, me is the electron mass, e the electron charge, E the electric field, 
B the magnetic field, V the electron velocity and t the time. Considering 
the cylindrical symmetry of the electromagnetic field as well as the 
accelerating structure, 2.5-dimensional equations of motion were solved 

| zo 
— 10 rnrTni^nmn 

L (mm] 
(a) E„= 60 [MV/mJ 

L [mm] 
(b) E0= 80 IMV/m] 

Fig. 9 Calculated trajectories of field emitted-electrons in a 0.6 m 
long S-band accelerating structure. The accelerating 

gradients are (a) 60 MV/m and (b) 80 MV/m. 
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Fig. 10 Calculated and experimental energy spectra of 
field-emitted electrons. 

numerically by the Runge-Kutta-Gill method. Examples of simulated 
electron trajectories for accelerating fields of 60 and 80 MV/m are shown 
in Fig. 9. The emission point of electrons was fixed at the downstream 
side of the opening of the disk in the most-upstream side. The emission 
timing with respect to the RF phase was taken at every 10 degrees. The 
probability of field emission was assumed to be independent on the 
electric field strength. The process of secondary electron emission was not 
taken into account. 

The energy spectra of field-emitted electrons for actual structure 
were calculated by assuming that the emission points are at the 
downstream side of every disks. The calculated results for the accelerating 
fields of 60 and 80 MV/m are shown in Fig. 10 in the form of histogram 
together with the experimental data. The ratio of the dark currents at 
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I 
fe these fields was determined under the assumption that the total number of 
^ electrons detected at the most-downstream side was subject to the Fowler-
; Nordheim relation obtained experimentally [8]. The calculated results 
J were normalized to the experimental ones at the position shown in Fig. 
f 10. The calculated results can qualitatively reproduce the observed 

spectra. 
Such effects as the dependense of field emission on the field 

strength and the secondary electron emission mechanism should be 
considered in future work. 
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DETUNED STRUCTURE FOR JLC 
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ABSTRACT 
To suppress an emittance growth through (he main linac in the multi bunch operation 

for the Japan Linear Collider (JLC), the long range transverse wake field of the main linac 
must be damped below 1% at the next bunch compared with the amount excited by the 
preceding bunch. In this paper the wake fields in various detuned structures were calculated 
by using an equivalent circuit model. It was found that the wake field could well be damped 
by properly distributing the frequencies of the lowest dipole mode within more than 150 cells 
in a structure. 

INTRODUCTION 
In order to increase the luminosity of JLCl'l. a multi bunch operation of 20 bunches 

in one RF pulse with hunch spacing of 1.4 usee is planning. In this case, the emittance 
growth due to the long range transverse wake field becomes serious problem. To suppress 
the wake field, proper damping or some cancelling of the wake field excited by the preceding 
bunch is needed. The former is described in another paper'^l in this workshop, while the 
latter is the main theme in this paper. 

The wake field due to a mode can be canceled at the following bunches by properly 
distributing the frequency of the relevant mode of each cell in a structure. This situation can 
be schematically shown in Fig. 1. If the phases of the mode in all of the cells in the detuned 
siniciure'-,l distribute all over2n radian with respect to the arrival time of the next bunch, the 
net wake field felt by the next bunch can be very small due to the cancellation among the 
cells. If the coupling of the electromagnetic field between cells is neglected, this cancellation 
is easily calculated by simply adding the independent wake field in each cell. Primitive 
detuned structures were discussed'1-4-5) in this manner. This treatment can be allowed only 
within a very short period before an exchange of the energy between cells. This period can 
roughly be estimated to be d/v„ where d is the cell length and vg is the group velocity. For 
instance, in the X-band structure with disk hole radius of 5 mm and the cell length of 8.75 
mm the group velocity is roughly 0.9 % of the light speed for the lowest dipole mode 
synchronous to the beam. Then the period that can be treated without coupling is at most 3 
nsec. Since this time is very short compared with the length of a bunch train, 27 nsec, the 
coupling between cells must be included in estimating the wake field over the bunch train. 

Such a code as TBCI' 6 ' can be used in principle to estimate the wake field of the 
structure incorporating the coupling between cells. However, the wake field in the detuned 
structure can not be calculated by TBCI, since change of dimension from cell to cell is very 
small and can not be approximated by the mesh of the TBCI. Furthermore, the wake field in 
the many-cell system can not be calculated owing to the limits of CPU time and memory in 
computer, since the detuned structure usually consists of more than 100 cells. On the other 
hand, the wake field mainly consists of a small number of modes'5! and the components of 
such modes in the field in a cell can be treated independently and parameter of those modes 
can be calculated by a code as URMELl7l. Therefore, the behavior in a many-cell system can 
be analyzed by the equivalent circuit model. 

In order to analyze the lowest dipole mode, most severe transverse mode, the 
structure was approximated by a single chain of coupled circuit and analyzed in 
frequency!1*-9-'0! and time'"l domain. Though the model gave us much understanding of the 
detuned structure, it is difficult to extend the study to a realistic structure of JLC. First, the 
dispersion curves in the single chain of coupled circuit do not agree with those in a real 
structure as shown Fig.2. Second, it is difficult to evaluate the loss parameter in such a mode 
as the field changes from TElll-like to TM110-like. Both difficulties come from the 
interference between TE111 -like and TM110-like mode. Therefore, the double chain of 
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coupled circuit model was proposed!**-9-10' which treats both modes simultaneously. Based 
on this model, various detuned structures were analyzed in this paper. 

Not only the wake field but also the accelerating field was studied, and a candidate of 
a detuned structure for JLC was presented. 

WAKE FIELD CALCULATION BASED ON EQUIVALENT CIRCUIT MODEL 
Dispersion relation and electromagnetic field of the 1st and 2nd dipole mode were 

investigated by using URMEL to get characteristics of two lowest passbands. In this 
investigation, beam hole radius was changed while maintaining the frequency of the 
accelerating mode constant. Obtained dispersion curves for a=3.0, 5.0 and 7.0 mm are 
shown in Fig.2 and the field patterns of the relevant mode are shown in Fig.3. From these 
results, it was found that the electromagnetic field of the lowest dipole mode at 0-mode 
changes from TM110-like to TE111-Iike around the disk hole radius of 3.9 mm, while that at 
n-mode docs not. It is clear from this behavior that the analysis of the lowest dipole mode 
should be performed including both the TE111-like mode and the TM110-like mode in a cell, 
that i<. taking into account of the interference between two dipole modes. 

Il was assumed from above investigation that the field of the two lowest dipole 
modes in one cell can be expanded into two orthogonal modes, the TM 110-like mode and the 
TEI11 -like mode as 

f w = XmnEmilO + Y*I»ETE1U ( 1 ) , 

wher- /rm„ is the electric field. (/r,M„„, £„„ , ) are the electric field of the TM110-like mode 
and lie TEI 11 -like mode in one cell, respectively and (X^,, )'„,) are the amplitude of the 
TM 110-like mode and the TEI 11-like mode, respectively. Subscript m and n represent the 
m'lh mode and nth cell, respectively Under this assumption, the change of a field pattern 
over he passband can be described by the change of these amplitudes, Af„, and Y„„. 

Next it was also assumed that the field in a cell has coupling to the fields in both 
adjacent cells, through the beam hole. In such a system, the amplitude, *™ and Ym, of the 
two fields can be approximated as the current of the double chain of coupled circuit model as 
shown in Fig.4l 8- 9-' ( |l. Upper chain of coupled circuit describes the TM110-like mode, 
while lower chain describes the TEI 11-like mode. This equivalent circuit can be expressed 
as Eq.(2) 

K™->_x I '"' 

"m I 

X +i*n.X V^V }- . ^Kxn+lKyn+I 

i n-1 

n + i ; — ' n - r 

(2), 
'"^n , 1 . Kxnv . JKxnKyn v -{Kxn + lKyn +1 

2 'n + l*~—2 A " - / 2 Xn + l-° 

where (">ov>. ^o^) are the resonant frequencies of n'th cell without coupling, ( v„, ir ) the 
coupling coefficients between n'th and (n+I)'th cell, (Xc, K„) the current or the amplitude of 
the n'th cell and <o„ the resonant frequency of the m'th mode of the double chain of coupled 
circuit. Subscript x and y represent the relevant quantity of the TM110-like mode and the 
TEI 11-like mode, respectively. The parameters (<*>o», mo,n) and (v„, ir^Jcan be calculated 
bv URMEL while the parameters m„, Xn and >'„ are the eigen value and the eigen vectors of 
trie Eq.(2). 

The long range transverse wake field can be evaluated as follows from the results of 
this equivalent circuit model which described the structure. The long range transverse wake 
potential Wi(t) in a disk loaded structure is expressed asl ' 3- 1 4) 

Wi(i)=£^sin(a„t) (3), 
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where subscript m represents the m'th mode, c the speed of light, a the beam hole radius, 
<:)-, the annular frequencv and Km the loss parameter. The loss parameter Km is defined 
asl'•'•"•') " 

~fdzE.m(z)exp(—) 
J r 

where Eim(z) is the longitudinal electric field of the m'th mode at beam hole radius and Um 
is the stored energy of the m'th mode. 

It is obvious from Eq.(3) that the wake potential is estimated by two parameters, loss 
parameter K-, and angular frequency 6)m. These parameters can be obtained by solving 
Eq.(2). The angular frequency e>m is simply the eigen value of the Eq.(2). On the other 
hand, the loss parameter Km is calculated using Eq(4) as follows. The field pattern Em (z) 
is evaluated from the current distribution of the equivalent circuit model as 

Ez™ ( z') = Xm.Ezmuo (z') + Ym«Ezm,:i (z ') 

E/.m(Z)=£ Elm* (z') (5), 

z=nd + z' 

where Ez-r.(z') is the longitudinal electric field at beam hole radius of the m'th mode in the 
H'/1I cell. ( EnMiio(z'). E/.mni(z')) the longitudinal electric field of the TMllO-like mode 
and Tin 11-like mode in one cell at beam hole radius, respectively, d the cell length and z' 
the local coodinale in one cell. The stored energy Um of the m'lh mode can be calculated as 

Um =]T-fdv{(Xm»Emuo)2+(Ym„Eniu)2} (6). 

Using these obtained parameters, the wake potential can be evaluated as Eq.(3). 
It still remains to evaluate the field Ezmno(z) and EZTEIII(Z) before performing the 

integral of Eq.(4). These fields were assumed to constant in formalizing the present 
equivalent circuit model. However, the fields of the TMl 10-like mode were calculated by 
URMEL and found to vary when the phase shift per cell change from 0 to JI. Since this 
variation is rather small, the field Emuw(z) in Eq.(4) can be evaluated by interpolation of 
the coefficients of the 8th order polynomial which are determined at 0 and it mode. The 
same procedure was applied also for the field of the TE111 -like mode. 

In order to examine the above treatment, the resonant frequencies and the loss 
parameters calculated by using the present equivalent circuit model were compared with 
those calculated by using URMEL for nnftt modes rigorously. The results were shown in 
Fig.?. The calculated frequencies and the loss parameters by using this circuit model were in 
good agreement with the calculated ones by using the URMEL. Thus, the wake field can be 
estimated by using the double chain of coupled circuit model as well as URMEL. In the case 
of estimating the wake field in a detuned structure, the double chain of coupled circuit model 
advantages than URMEL. 

RESULTS OF NUMERICAL CALCULATION 
By using the method as mentioned in previous section, the long range transverse 

wake field due to the two lowest dipole modes in a detuned structure was studied. To make 
the frequency distribution for a dipole mode, only the beam hole radius is varied along the 
structure, because it is most effective to cha.ige the frequency of lowest dipole mode while 
maintaining an accelerating mode one, 11.424 GHz. The frequency distribution synchronous 
to the beam was set to be Gaussian for the lowest dipole mode, where its standard deviation 
is af=().35GHz and it is truncated at the full width of 5f=1.95 GHz. These two parameters 
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were cited from the detuned structure presented by R. Miller'8! at Protovino. The center of 
the frequency distribution was fn= 15.6 GHz when effective beam hole radius(<a- 3 5>" 3 ' 5) 
is (). 16X. According to this procedure, the frequency distribution and the beam hole radius of 
this structure are determined and shown in Fig.9, where number of cell is 150 and disk 
thickness is 2 mm. 

To estimate the wake field in this structure by equivalent model, it still remains to 
determine the boundary condition at both ends connected to the beam pipe, electric short or 
magnetic short. The long range wake field was estimated in both boundary conditions and 
shown in Fig.6 and Fig.7. The wake can be damped by two orders of magnitude in both 
boundary conditions. However, the boundary condition in real structure at both ends is not 
either of them. The boundary condition and the other effects at both end cells should be taken 
correctly next step. 

The deterioration of damping due to frequency error of each cell was also estimated 
assuming the error distribution to be Gaussian with standard deviation af/fn= 1 x 10 4 and 
truncated at +3o. The damping by two orders of magnitude can be achieved if of/fo is less 
than 1x10 4 . as shown in Fig. 8. Since the target precision of frequency in KEK for 
manufacturing an X-band without tuning each cell is a few times 10 5 , a detuned structure 
should be automatically realized. 

ACCELERATING FIELD 
In the following, the accelerating mode is discussed for the detuned structure studied 

in previous section. Various parameters of the accelerating mode were shown in Fig.9. 
There are steep changes of the beam hole radius near the input and output coupler region to 
make the proper frequency distribution of the lowest dipole mode. Then, accelerating field 
near the input coupler region becomes 26% lower than the average accelerating field, while 
that near the output coupler region becomes 19% higher. The accelerating field at the middle 
of the structure is nearly constant. 

The RF power necessary for accelerating gradient of 100 MV/m without beam 
loading is 214 MW. However the beam loading effect is rather large in case of JLC. The 
necessary RF power with beam loading was also estimated in multi-bunch energy 
compensation scheme. The linac in this scheme consists of two types of structure in which 
RF injection timing is different''". One of them is injected the beam when RF power is filled 
completely. The other is injected the beam when the end of bunch train and the top of the RF 
arrived at end of the structure at the same time. In this scheme, the RF power necessary for 
compensated energy gain of 100 MeV/m with 1.1x10'° electrons/positrons per bunch is 274 
MW. Then, the necessary RF pulse width is 152 nsec. 

DISCUSSION 
From the example of the detuned structure in previous section, the wake field due to 

the lowest two dipole modes was found to be cancelled below 1% level in some case. It is 
still necessary to refine the modeling to apply the analysis to the design of the realistic 
detuned structure. Following items are to be studied; 

(1 )The level of the errors in approximation of the present equivalent circuit should be 
confirmed to be less than 1%. 

(2) The effect of the boundary condition, that is, the parameters describing coupler cells at 
both ends. The frequency is very different from the usual value of the regular cell 
which easily deteriorate the idea! frequency distribution. The coupling of the field into 
the input/output wave guide should also be included. 

(3) Other modes higher than the second lowest dipole mode should be included. Takao 
showed that the largest R/Q is about 15%' 1 6 ' of that of TMllO-like mode and these 
mode should be included. 

(4)Real damping(not cancelling) may be helpful especially for longer bunch trains of 
nearly 90 bunches''71 and should be included. 

CONCLUSION 
The loss parameters and the resonant frequencies of the two lowest dipole modes 

where calculated by using a double chain of coupled circuit model and agreed well with those 
by URMEL. It was found from the estimation based on this model that the long range 

L 
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transverse wake field due to the two lowest dipole modes in a detuned structure can be 
damped by two orders of magnitude over 20 bunches. Some refinements should still be 
performed. In such a detuned structure, the required RF power for energy gain of 100 
MeV/m with l.Ix 10'° electrons/positrons per bunch is 274 MW per one structure, and 
required pulse width is 152 nsec. Parameters of the detuned structure treated in this paper are 
listed in Table 1. 

Table 1 The parameters of the detuned structure 
Structure length 1.312 m, 150 Cells 
Disk hole radius 5.40 (input) —> 3.14 mm (output) 
Disk hole radius for single wake < a -3.5 > - l /3.5 = 0 .16?L 
Disk thickness 2 mm 
Freq. Dist. of 1st dipole Sf 1.95 GHz 

of 0.375 GHz 
fn 15.6 GHz 

Transverse wake due to lowest two dipole 
bv one bunch. 

< lxlO 1 5 V/C/m2 (from next bunch to 20th 
bunch) 

Accelerating mode Operation frequency 11.424 GHz, 2/3nmode 
0 value 6740 (input) —> 6550 (output) 
Group velocitv/C 8.72 (input) -> 1.39 % (output) 
Shunt impedance 63.6 (input) —> 100.8 MQ/m (output) 
Filling time 125.6 nsec 
Attenuation parameter 0.69 
Required RF power for Eav=100|MV/mJ 274 MW for l . lxlO 1 0 electrons/positrons 

214 MW without beam loading 
Number of partial fill Structure: full fill 0.834:0.166 
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Fig.l . Wake field fell hy the next bunch in (a) a constant impedance structure and (b) a 
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Fig.2. Dispersion curves of the lowest two dipole modes. Solid lines show the results of the 
single chain of coupled circuit, while dashed lines those of the double chain of coupled 
circuit. All the other- marks show frequencies calculated by URMEL. Solid marks show the 
TMI 10-like mode, while open marks theTEl 11 -like mode. 
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Fig.4. Double chain of coupled circuit model. 
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Fig.6. The loss parameter per unit length divided by beam hole radius squared, and the wake 
potential per unit length. Parameters are fo=15.6 GHz, of=0.35 GHz, 5f=1.95 GHz. Number 
of cells in the structure is 1 %). Boundary conditions are electric short at both ends. 
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Wake vs. Time Wake vs. Time 
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Time (usee] 

Fig.7. Wake potential per unit length. All 
the parameters are the same as those in 
Fig.6 except that the boundary conditions 
are magnetic short at both ends. 
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Fig.8. Wake potential per unit length in a 
detuned structure with frequency 
distribution error (af/f<>=l x 10 4 , truncated 
at 3o). Parameters and boundary conditions 
are the same as those in Fig.6. 
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DAMPED STRUCTURE FOR MAIN LINAC 
TsutomuTANIUCHI 

National Laboratory for High Energy Physics \KEK) 
Ohol-1. Tsukuba. Ibaraki. 305 Japan 

and 
Laboratory of Nuclear Science. Tohoku University 

Mikamine 1-2-1. Senttai, 982 Japan 

I. Introduction 
Several parameters of the JLC for the center of mass energy from 0.5 to 1.5GeV are 

given in Table I. ' 1 ' To achieve high luminosity the multi-bunch operation is essential. 
However the wake field effect becomes a serious problem in the main linac. The wake field is 
excited in the accelerating structure by bunches and acts on the following bunches. As a 
result, it causes the energy spread and the deflection of bunches. In this report, we discuss 
the way to reduce the transverse wake which causes the emittance growth. Some relevant 
transverse wake potentials in the typical X-band(l 1.424GHz) disk-loaded structure were 
calculated by Takao''' and shown in Table 2. In all the listed modes, the TMno-like mode 
should most heavily be damped because the wake potential is the largest and the resonant 
frequency is minimum. If the Q value of TMno mode is less than 15, the emittance growth 
originated from the injection error can be suppressed within a factor of -12 and the 
misalignment tolerance of the cavity can be increased up to 80p.m.' ' 

Asa candidate for the accelerating structure to lower the Q value of higher order modes 
(MOMs). the damped structure has been investigated. A damped structure was proposed by 
Palmer as a candidate for the accelerating structure for the linear collider.'4' In this structure, 
an accelerating cell has some slots leading to waveguides. Since the wake field excited by a 
bunch goes out into waveguides, its amplitude is damped sufficiently before the arrival of the 
next bunch. In other words, this structure can lower the external Q values (CW's) of HOMs. 

For the JLC main linac. a similar type to this structure with slots in each disk was first 
investigated. ' This type of structure has advantages with respect to the accelerating mode 
compared with the structure with circumferential slots in the cylindrical wall of the cell. 
However, it was found that the Q c x , of TM110-ir mode was too sensitive to the geometry and 
it could not be lowered for larger beam hole. Therefore, we investigated next another 
structure with circumferential slots in the ceil. 

Table i Parameters of JLC 
Cm. energy [TcVJ 0.5 1.0 1.5 
RF frequency |GHz) 11.424 11.424 11.424 
Accelerating gradient 
Nominal [MV/m] 
Effective IMV/m] 

40 
25 

80 
50 

120 
85 

Particles/bunch x!0 l n 1.1 1.8 2.3 
Bunchcs/RF pulse 20 20 20 
Bunch spacing [nscc] 1.4 M 1.4 

aA 0.18 0.18 0.18 

Table 2 Transverse wake potentials 
Mode Frequency 

ICHzl 
Wake 

xlo"[V/C/m 2] 
TM 1 1 0 16.25 1.28 

TE,,i 21.59 0.06 
TM,„ 25.84 0.25 
TE 1 2 | 30.78 0.005 

TM, 2 0 
31.58 0.12 

T M m 36.09 0.24 

TM„„ 39.10 0.11 



2. Damped Structure with Circumferential Slots 
Figure 1 shows a schematic view of the structure investigated in this report. Four 

damping waveguides ;ire attached to an accelerating cell. The width of the waveguide was 
chosen to be 11mm where the cutoff frequency of TEiomode was 13.5GHz. This frequency 
is set higher than the frequency of the accelerating TMoin mode, 11.424GHz, and lower than 
that of TM] in mode, about 16GH/. Two waveguides are located in a line to hold the up-
down or left-right symmetry for the cell and two lines in a cell are perpendicular with each 
other to damp both modes with different polarization. Each waveguide couples with the 
accelerating cell through an iris which forms a circumferential slot when seeing from the 
inside of the cell. In such a slot. TM-like modes couple with TEjo mode of the waveguide by 
the magnetic field. The Qcx,'s of HOMs and the Q value of the accelerating mode depend on 
the geometry of the iris. An asymmetric positioning of slots in the beam direction was 
designed to damp such modes as TM| 11 and TMoi i which had a node at the center of the 
cell. 

L - a ' b ' 

b b ' cross section a a ' cross section 

Fig. i A schematic view of the damped structure 

3. Evaluation of the External Q Value 
The Qext s of HOMs were evaluated by Slater's tuning method' ' using a code 

"MAFIA"'7'. In this method, resonant frequencies were calculated for several positions of 
shorting plane. These were plotted in the form suggested by Kroll and Yu' ', where the 
tuning curve was written as the following formula. 

1 
* E ! (d-do) - n = J- Arctan Y - ^ 5 L _ 
K \ , K a " . . M a 

u ) a CO 

where Xg is the wavelength in the waveguide, d the distance between the center of the cell and 
the shorting plane of the waveguide, do the detuned position of the waveguide mode and n the 
branching number which corresponds to the number of nodes in the waveguide. The Qcxt's 
and the resonant frequencies were obtained by fitting these plots. Figure 2 shows an 
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example of these plots and fittings which includes 6 modes by assuming linear dependence 
of d|> as frequency, do = d<Ki + dm co. In the figure, vertical solid lines show the fitting range. 

Mode Freq. [GHz] Q 

1 15.54 2350 
2 15.65 186 
3 24.70 23.0 
4 25.55 39.9 
5 28.17 33.8 
6 28.84 301 

20 25 
Frequency |GHz] 

30 35 

Fig. 2 An example of Kroll's plot and fitting. 
(Iris width = 6.0 mm. Boundary condition for TMj jn-Jr. mode ) 

4. Calculation and Results 
4.1 Dependence on the Iris Width 

The Qcxi's of HOMs were calculated by changing the opening width of the iris. In this 
calculation, the height of the waveguide was fixed at 2mm. Figures 3 and 4 show the result 
where the beam hole radius was 4.5mm (a/X=0.17). Let's consider the modes other than 
T E m first. It seems that all the Q e x l ' s decrease exponentially. The Q e x , of TMno-Jt mode 
is the largest in these modes. But if the iris opening width is larger than 9mm, the Q e x t can 
be less than 15 which satisfies the criterion for the JLC main linac. On the other hand, in the 
case of TE] n mode, the Q c x l of 0 mode is still high even if the iris width is full. But t h e Q c x l 

of ;r mode can be lower to 100. This seems to come from the difference between their field 
distribution. In the TEm-Tt mode, the transverse electric field near the cylindrical wall is 
strong at the center of the cell and decreases as away from the center while the electric field 
along z-axis appears in turn. The circumferential magnetic field associated with this electric 
field can couple lo the damping waveguide. However, in the T E m - 0 mode, the field 
distribution in the cell is almost uniform along z-axis and the transverse electric field is very 
weak near the cylindrical wall, so that such a magnetic field can only exist very near the beam 
hole in the disk. As a result, it is hard to damp the T E m - 0 mode by such a damping port. 
But fortunately, the TE, ], mode excited by the beam has its phase shift per cell near 4rc/5 
and the corresponding Q c x , is expected to be near 100. Since the r/Q value of this mode 
must be very low compared to that of the TM],o mode, this Q value will be acceptable, 
though the realistic Q value and the r/Q value should be evaluated for an actual design. 
Moreover, the T E m mode is actually not pure but is mixed with the T M n o mode. 
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Therefore, those modes as Tlim andTMno should be treated simultaneously for the actual 
evaluation of the wake field from those modes. 
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Fig. 3 Dependence of the Qcxl on the iris Fig. 4 Dependence of the Q M , on the iris 
width. Ui=4.5mni. boundary condition forTMnn- width. (a=4.5mm, boundary condition forTMno* 
t model Omode) 

The dependence on the beam hole 
radius was also calculated. Figure 5 shows 
Q c,i's of TMj lo-n mode for the beam hole 
radius of 4.0. 4.5 and 5.0mm. It seems that 
there is no large difference among them. A 
little difference seems to come from the 
difference of the iris thickness. The Q e x,'s 
of other TM-like modes will not be so 
different from those in the beam hole radius 
of 4.5mm. Therefore, the same damping 
port can be used for every cell in such a 
structure as the constant gradient structure 
where the beam hole radius varies 
continuously. But QCM'.s of TE-like modes 
will become higher as the beam hole radius 
becomes smaller. 

1000 

. A;*:;: 

•a=4.0 
•a=4.5 
• a=5.0 j3£ 

4 6 
Iris Width [mm] 

Fig. 5 Dependence of the Q e „ on the beam 
hole radius. 
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It was found that Q C X I ' s of this 
structure could satisfy the requirement. On 
the other hand, the performance of the 
accelerating mode will degrade as QCXi's 
become lower. The dependence of the 
accelerating mode on the iris width was also 
calculated where the frequency of the 
accelerating mode was adjusted to 11.42GHz 
±0.5</f by changing the cell radius. Results 
of the Q. shunt impedance r and r/Q values 
are shown in Figures 6, 7 and 8. 
respectively. The Q value and the r/Q value 
of the accelerating mode decrease as the iris 
opening width becomes larger than 4mm. 
When the iris opening width is 9mm which 
satisfies the requirement for QC Xt's. the 
degradation of the Q. r/Q and r value of the 
accelerating mode from these values of the 
structure without damping ports were about 
16T-. 5.11c and 219c. respectively. 

a 

- - - . . ; • • 

6500 •r i f | -
! • i 

6000 

• 
•
•
•
• 

5500 

••
• 
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5000 ..... ;. . . 
! • 

4 6 
Iris Width 

8 10 12 
[mml 

Fig. 6 Dependence of the Q value of the 
accelerating TMOIO-2JI/3 mode on the iris 
width. (a=4.5mm) 
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Fig. 7 Dependence of the r/Q value of the 
accelerating TMOIO-2JI/3 mode on the iris 
width. (a=4.5mm) 

Fig. 8 Dependence of the shunt impedance 
of the accelerating TMoio-27t/3 mode on the 
iris width. (a=4.5mm) 
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4.2 Dependence on the Waveguide Height 
In the previous section, the waveguide height was set 2mm to search the dependence on 

the iris opening width. In this section, we discuss the dependence on the height of the 
waveguide with the iris width of 9mm. 

The dependence of the Q M of TM i j0-Jt mode is shown in Figure 9. It decreases as the 
height becomes large in the region less than 3mm. But it dose not decrease for the height 
larger than 3mm. This seems to come from the following reason. Since the cell radius was 
not adjusted to recover the frequency decrease of the accelerating mode due to the increase of 
the waveguide height, the frequency of TMj IO-K mode approached to the cutoff frequency, 
13.5GHz of the waveguide. Therefore, the Q c x t of TMi io-n mode of taller waveguide in the 
actual structure will he lower than the present result. This remains a possibility to obtain a 
higher shunt impedance of the accelerating mode with keeping the Q^i of the TMnn-7t 
mode low by increasing the height and reducing the width of the iris. It should be noted 
however thai the waveguide height should be lower than half of the gap length for such 
modes as TM j 11 and TMo,} which have a node at the center of the cell. 

The dependence of the Q and r/Q values of the accelerating mode are shown in Figures 
10 and 11. respectively. As shown in Figure 10, the Q value drops by 23% when even a very 
ihin circumferential slot is opened. However, the degradauon of the Q value can be recovered 
io the amount of 6.8<7r at maximum height of the full gap length. On the other hand, the r/Q 
value decreases as the height becomes large, as shown in Figure 11. The resulting 
dependence of the shunt impedance is shown in Figure 12. 

The optimization for this parameter yet remains. It is expected to improve the Q value of 
the accelerating mode with keeping Q c x , of HOMs. 

5 - 10 -

0 1 2 3 4 5 6 7 
Waveguide Height |mm] 

7000 

6500 

6000 

5500 

5000 
0 1 2 3 4 5 6 7 

Waveguide Height [mm] 

Fig. 9 Dependence of the Q e x i of the 
TMiio-Jt mode on the waveguide height. 
(a=4.5mm) 

Fig. 10 Dependence of the Q value of the 
accelerating TMnio-2it/3 mode on the 
waveguide height. (a=4.5mm) 
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Fig. II Dependence of the r/Q value of the Fig. 12 Dependence of the shunt 
accelerating TM()]O-2JC/3 mode on the impedance of the accelerating TMnio-2Jt/3 
waveguide height. (a=4.5mm) mode on the waveguide height. (a=4.5mm) 

5. Consideration for Accelerating Structure Design 
This structure almost satisfy the requirement for the transverse wake field effect. On the 

other hand, some degradation of the performance of the accelerating mode is inevitable. 
Parameters for the damped structure with the iris of 9mm are summarized in Table 3 together 
with parameters of a normal structure without damping ports for comparison. 

Based on these results, we consider the design of the accelerating structure for the main 
linac. As a first step, we consider a constant impedance structure. The attenuation constant a 
and the attenuation parameter t of the accelerating structure are given by the following 
relations. a=io/(2Qvf) and T=Lsct where ft) is the angular frequency, v g the group velocity and 
L.<j the length of the structure. Now we assume x to be 0.6. Around this value of t, the total 
RF power in the whole linac can be minimized. The RF peak power to achieve the average 
accelerating gradient E without beam loading is given as following. 

Table 3 Parameters of the c amped structure (t=0.6). 
Iris Opening Width [mm] 0.0 9.0 
Beam hole radius a [mm] 4.5 4.5 

Waveguide Size [mm| — 11.0x2.0 
Q c v , of TM no-1 — 13 

Vacc 6875 5755 
Shunt impedance r |M£2/m] 79.7 63.3 

r / Q 3 C C Ikfi/roJ 11.6 11.0 
Attenuation constant a [m"'] 0.426 0.510 
Length of structure Ls [m] 1.41 1.18 

Filling Time Tr |nsecl 115 96.5 
P„ for E=4()MV/m |MW] 41.8 44.1 

Pn/Ls [MW/m| 29.6 37.4 



& P . . - _ ! _ / _ E T \< 
5 ' " 2a rW-e- 1 / 
| The required RF power for E=40MV/m is given in Table 3. The RF peak power into a 
5 damped accelerating structure. Po, must be 5.5% more than that of a normal structure. 
:; Assuming a fixed length of linac, the total RF power in the whole linac, (Po/Ls)LToial. 

increases by 2(f!r mainly because of shortening of an accelerating structure. 
Let's consider next the case of the constant gradient structure using this damped 

structure. Since the Q e x I of the most dangerous TM] io mode dose not depend on the beam 
hole radius, there is no serious problem even if the beam hole radius varies though 
dependence of other modes must be studied. Moreover frequencies of higher order modes 
are distributed along the structure and some cancellation of the wake field effect is expected. 
Considering this effect, the iris width of the damping pon can be smaller and theQ and r/Q 
value of the accelerating mode can be increased. 

In order to built an actual structure, further R&D's are needed. One of them is the 
dummy load for damping waveguide. The load may largely influence the fabrication 
difficulty. Furthermore since this type of structure hasn't been operated yet in a high power, 
the effect of damping ports in a high power operation must be studied. 

6. Conclusion 

The damped structure examined in this report can be a solution for the transverse wake 
field problem in the main linac. However if we construct the main linac simply using this 
damped structure, increase of the total RF peak power becomes about 26% compared to a 
normal structure. Some possibilities to reduce the total RF peak power remain and these 
must be studied in the next step. 
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1.54 G e V D a m p i n g R i n g of A T F 

S .Kuroda and J L C d a m p i n g ring des ign group" 

K E K 

ABSTRACT 

Damping ring for the KK.K Accelerator Test Facility(ATK) lias been newly de
signed with combined functioned bending magnets. The dynamic aperture of the 
ring was studied with tracking method. 

1. I N T K O I H C T I O X 

Damping ring for the Japan Linear Collider(JLC) has two types of its designs a t 
present stage. One is the ring with periodic cells of separated functioned magnets 
and with long damping wiggler magnet section, which is designed for the energy of 
I fy\ ( l e \ ' [ l j . Another is designed with combined functioned bendingf B ) magnets in 
cells and without wiggler magnrts(2]. In this case, the design energy is 1.98 GeV and 
pre-damping ring is assumed, l/sing combined functioned B magnet , the dispersion 
function can be minimized at the H magnet. With the increased damping partition 
number, it is easier to make emittance small. Without wiggler magnets , however, it 
is difficult to keep enough time for cmittat ire of the injection beam to damp to the 
designed value. In the operation of the ring, it. is also difficult to change quadrupole( 
Q ) component of the combined functioned B magnet independently. The former 
problem can be solved with pre-damping ring. And introducing auxiliary defocusing 
Q magnets in the cell will make fine tuning in the operation easier. 

The first version of the damping ring for KEK Accelerator Test Facility(ATF) 
has been designed with separated type FODO cells and long wiggler magnet sec-
tions['?j. As there are now two types of designs for JIA.' damping ring, new ATF 
damping ring design has been studied in order to test not. only long wiggler magnets 
but also combined functioned B magnets. The design value for the cmit.tanc.c is 
-]<r — o x 10~ r' radm. and for the x-y coupling, K < 1 %. Furthermore there is 
restriction on the size of the damping ring by the spare limitation of the assembly 
hall( 2!) m x 65 m ). A design which satisfied all of the above condition a t 1.54 
(IcV was found, which consisted of combined functioned magnet cells and wiggler 
magnet sections. 

In tiie next section, the new design of the ATF damping ring is presented 
I he section 3 is devoted to study dynamic aper ture of the new ring. Fffect of 

misalignment of the magnets is also mentioned in this section. 

2. NKW DKSIC.N OF THK ATF DR 

Main parameters of the newly designed ATF damping ring are listed in Table 
1. The horizontal emittance t r of 1 Jrtx I 0 _ n radm is calculated including the effect. 
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Ream Kncrgy K 1.54 C.cV 
Rarliation Loss/turn 0.22 MeV 

Number of Particles/Bunch 3 x 10'° 
Number of Normal Cells 36 

Repetition Rate 50 Hz 
Momentum Compaction Factor a 0.00178 

Horizontal Kmittance c x 1.53 x 10- r ttn 
Horizontal Damping Time rr 5.59 msec 

RK Frequency j R F M2S MHz 
Energy Spread Ah'/E S.T9 x 10" 1 

Toiichek Lifetime 29 sec 
Damping Partition Number Jx Jv J: 1.21 1.00 1.79 

Table 1. ATF Damping Ring Parameters 

of the intrabeam scattering, where the number of particles per bunch is assumed to 
be 3x 10 , n and the coupling n to be 1 %. 

1'ig.l shows the schematic view of the ring. The main difference from the old 
one is that the B magnets in the cells are combined functioned and that the wiggler 
sections are shorter. The ring has twofold symmetry and Fig.2 shows the linear 
optics of the half ring. 

•• * . Mil 

W= 

\ . 

MWvMlw^W/WM 
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*3 

wmn^/w^mm. 
www 

• . . « • • 
21.1 m 

Fig. I 

Fig.l Top view of the ATF damping ring. 

Fig.2 Linear optics of the half ring. 

Fig.2 
HKi^wsraffiSSS 

To sec the optics in detail. Fig.3 shows it in the normal cell region. Magnets are 
aligned symmetrically with respect to the combined functioned B magnet. QK2 is 
the auxiliary defoensing Q magnets for adjusting cell tune. Large horizontal phase 



% = 10er» 

Fig.3 
Kig.3 Linear optics of the normal re!!. 

hig. I Linear optics of the wiggler cell. 

Fig.4 

advance of MO degree is selected to achieve small horizontal emittance. The vertical 
phase advance is 15.7 degree. 

The optics of a wiggler cell is shown in Fig.I . The wiggler magnet specification 
is the same as the old design; effective field strength is 1.88 T and the periodicity is 
111 m i long. The total length of the wiggler magnets is, however, made shorter to 
he 25.0 m long. 

The optics of the insertion region is shown in Fig.5. In the beam injection( 
IN J )/extraction( KXT ) region( Fig.5 a) ), y/^Mn^x is designed to be larger than 
•1.5m J in order to ease the field strength of the kicker and septum magnets, where 
or is (he horizontal phase advance between kicker and septum magnets. RF cavities 
are also set in the same region of the opposite side of the ring. Q magnets( Ql ' l , 
Q I 5 . QI1~QM ) in the other side of these insertion regions( Fig.5 b) ) are used to 
adjust the total tune of the ring. 

f-AM/VXAX 
*7Tf\ 

ipiOpOflfMj -£ 

ST 

W—tHic#f:>flFlPpflF{ 

a ) T*F stcttnt 

Fig.5 Linear optics of insertion region ; a) beam injection/extraction magnet( 
kicker and septum magnets ) or RF cavity region, b) the other side of region a). 
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3. DYNAMIC At 'ERTCRK 

Dynamic aperture of the ATF damping ring has been studied by particle tracking 
method. The program package SAD[1] was used for the tracking. Particles are 
tracked by 100 turns for quick survey of the dynamic aperture, the results had no 
significant difference from the case of 1000 turn tracking. As is ahown in Fig.6, the 
dynamic aperture was studied along unity slope line in teal x-y space, transverse 
plane to the beam, where the length in each direction is measured by the beam size 
rrr and oy. respectively. Here the beam size irrs is calculated as follows; 

"r.y - \J9J:.V((-T + *>,) • 

Then in this report, the dynamic aperture is defined by the projected value onto the 
x or y axis( see Fig.6 ). 

scanning dynamic aperture ;,:.;_ 

dynamic aperture '" °ic 

Fig.6 Fig.7 

Fig.6 Dynamic aperture was studied along the line of unity slope in x-y plane, 
then the dynamic aperture is defined by the projected length to x or y axis. 

Fig.7 Tune diagram where the scanned tune points are shown. Cross indicates 
the finally determined operation point. 

In order to determine the operation point, the dynamic aperture was surveyed 
in various tunes. When changing tunes, the phase advances in a normal call are 
fixed, and the Q magnets in the insertion region, Q M , Q15, QI1~QM, are varied. 
The scanned points are shown in Fig.7, and Fig.S shows the results. Although the 
scanning does not cover whole region of the tune diagram, the operation point of ( 
>'r- vy ) = ( 17.6, 10.65 ) is selected as the best point. At this operating point, we can 
keep the dynamic aperture of ~ 60 a for synchrotron oscillation within ±6(7-. The 
injected beam is expected to have its normalized emittance of ')(,„J — 1 x 10 _ 3rW?7?. 
then the dynamic aperture corresponds to ~ l amJ of injection beam size, tha t is 
thought, to be large enough for beam injection to the damping ring. 

The above results are the ideal case with no alignment errors. Actually there 
are many errors of magnets; alignment errors, field errors and so on. The tolerance 
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a) b) 

Fig.S Results of quick survey of the dynamic aperture; a) at uy = 10.3 and b) 
at vx = 17.6. In both of graphs, there are 5 lines at each point, which correspond 
to the rase with synchrotron oscillation of -6, -3 , 0, 3 and 6 a,, respectively. For 
the grapf a) , intrabeam scattering is not included in calculating emit tancc, which 
makes a little difference from the results in graph b). 

values for these errors were estimated[5] and are listed in Table 2. These values are 
assumed correction of closed orbit, distortion) COD ) only, and could become larger 
when more powerfull correction methods, such as skew Q correction, are developed. 

Alignment. Errors for B, Q, SX and Corrector Magnets 
Horizontal Displacement Krror <5X 60 /im 

Vertical Displacement Error fiv 30 fim 
Rotational Error Se 0.5 mrad 

Magnetic Field Krror 6k 0.1 % 

Alignment Errors for Beam Position Monitors 
Horizontal and Vertical Displacement Krror <5„; 100 fim 

Table 2. Tolerance for errors. Gaussian distribution is assumed for these errors and 
the tabulated values specify one standard deviation S of the distribution. 

Effect of these errors on the dynamic aperture was studied at the operating 
point ( vt.vv ) = (17.6. I0.65 ). 10 rings with different random number seeds 
were generated. Here errors over 3 standard deviation( 3<5 ) were rejected. Average 
emittancc of these rings are ; 

c, = (1.-J5 ± 0.-I9) x 10 _ 9rnrf?n . 

(y = (3.69 ± 1.80) x l ( T " W m . 

Vertical emittance is about 22 times larger than the design value, which is expected 
to be smaller by COD correction. Average dynamic aperture for these 10 rings is 
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shown in Kig.9 where the unit, of vertical axis is rewritten using injection beam size 
rr,„j. The alignment, errors make the dynamic aperture smaller by about 50 % and it 
becomes about 2 <T,„J. Injection efficiency is not. so good with this dynamic aperture, 
however, the beam current is high enough to measure COD for the correction. 

• //a «Mr*r 

Kig.9 Kffect of errors on the dynamic aper ture at ( ux,vv ) = ( 17.6, 10.65 ) . 
Horizontal axis shows the initial condition of synchrotron oscillation, and vertical 
one indicates dynamic aprerture in unit of injection beam size ainj. Black squares 
show ideal dynamic aperture with no errors. Crosses represent the average dynamic 
aperture of 10 rings with errors tabulated in Table 2. Krror bars are calcurated from 
one standard deviation. White circles indicate the aperture after corroctions( tune 
and COD ). 

One example of the case where some correction has been done can be shown 
here. Firstly, total tunes are corrected to the values ( ux,u,j ) = ( 17.6, 10.65 ) 
using the insertion Q magnets. After the tune correction, COD is corrected by 116 
corrector magnets. Ream position monitors^ BPM ) are assumed to be at each Q 
magnet, and total number of HPM becames 15'!. In this correction, errors for the 
corrector magnets and BPMs tabulated in Table 2 are included where also error 
values over 3(5 are rejected. In this case, as a results of the correction, root mean 
square values of COD( \ / < J*2 > , y/< y2 > ) are decreased from (1.68 mm, 1.39 mm 
) to ( 0.18 mm, 0.21 mm ). And omittances are recovered to the following values; 

r r = 1.26 x 10 -\adm , 

f„ = 5 . 1 1 x 1 0 " " radm . 

Accidentally vertical omittance is still larger by about, factor 3. Fig.9 also shows 
the dynamic apertruro after correction, and it can be road about 3<T;„j for the syn
chrotron oscillation of ±fic/.. Though the statistics is so poor, only one ex-ample, if 
the correction recovers dynamic aperture to 3ir„,j, there is much enough room for 
the beam injection into the damping ring. 
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1. S l 'MMARY 

Finally this report is summarized here. T h e damping ring for the ATF was 
newly designed so that both of combined functioned B and wiggler magnets can be 
studied with it. Dynamic aperture of the damping ring is large enough( ~ 4<7,nj ). 
Though misalignment and field error of magnets decrease it to ~ 2<T,nj, tune and 
COD correction is expected to recover it to ~ 3<J,„3, which means tha t there is still 
wide room for the beam injection. 

ACKNOWLEDGEMENT 

The author would like to thank Professors Y.Kimura, K.Takata, S.Iwata and 
.S.Kawabata for their encourcgements during the work. 

"K.Egawa. T.Higo, H.Ida*". T.Ieiri, K.Kanazawa, M.Kikuchi, K.Kubo, 

Y.Mizumachi. M.Xakai" . H.Nakayama, K.Oide, Y.Sakamoto, S.Sakanaka, 

M.Takao. S.Takcda, Y.Takeuchi, M.Tejima, N.Terunuma, J.Urakawa, 

N.Yamamoto, K.Yokoya and M.Yoshioka 

" N K K 

REFERENCES 

[I] .I.Crakawa et al.;Lincar Collider Conference,1990,Albuquerque 

[2] S.Kurorla, J.L'rakawa. K.Oide, S.TakedajThe 16th Linac Kenkyuukai,1991, 

Tokyo 

[3] J.Crakawa; Proceedings of the Second Workshop on Japan Linear Collider, 

KK K.I 990 

[I] K.Oide et al.( KEK SAD group );Private communication. 

[5] S.Kuroda; Proceedings of the Second Workshop on Japan Linear Collider, 

KEK.1990. 

56 



Vu< mini System for ATF Damping King 

Nobuhiro TERUNUMA 
A/fA. Xalional Laboratory for High Energy Physics 

1-1 Oho. Tukuha-shi, Ibaraki-ken, 305 Japan 

abstract 

Design si udv on the vacuum system for the damping ring of the Accelerator Test 
Facility (ATF) is in progress. An average pressure below 6 x 10~ 6 Pa is required 
IO suppress emit lance growth due to beam-gas scattering. The aper ture of a 
beam duct is c'27 mm in the normal cell and 15 mm x 47 mm racetrack in the 
wigglcr section. Ion pumps and non evaporable getter pumps are installed to 
a pump channel along a beam channel. The chamber is made by extrusion of 
aluminum alloy. Longitudinal impedance of the ring is evaluated to est imate the 
possibility of bunch lengthening. 

1 Introduction 

A l l ' is a test facility for the design study of a future linear collider. To get a 
high luminosity of 10 ' " r ;H~ 2 s" ' . the beam size have to be minimized to a few 
nano meters. The damping ring in ATF is an electron ring to achieve the low 
einiltance liram by using wiggler magnets. Main parameters of the damping ring 
as for I he vacuum system are summarized in Table 1. 

Scattering of a beam with residual gases leads to the emittance growth of 
the beam. Its effect to the emittance is evaluated by several persons [1,2,3]. 
Allowing a vertical emit tance growth of 10% of the designed value, we find an 
aimed average pressure of the ring is below 6 x 10" 6 (Pa). The gas desorption 
in an electron storage ring is dominated by the one induced by the irradiation 
of synchrotron radiation (SR). The desorption is proportional to the photon 
number of SR. The photon density of the SR at the chamber wall with 600 mA 
will become 1.!) :< \0l° and 0.9 x 10 1 9 pho tons /m/s for wiggler section and bending 
section, respectivelv. \ \> assume that the photodesorption rate of the chamber 
is 1 • ] t ) - ' molecules per photon. To realize the aimed pressure, we must achieve 
the pumping speed of MO and 70 1/s/m for wiggler section and bending section, 
respect ively. 

- 5 7 -



l.ibie 1: Parameters of A'l F damping ring. 

Circumference 13S.G meter 
Benin energy 1.5-1 GeV 
Beam current 600 mA 
Repetition rate 150 Hz 

Bend. Wiggler 
Bending radius [ml 5.73 2.73 
Linear power density 1.-1-1 1.4-1 

[k\V/in] 
Average photon density 0.9 x I 0 1 9 1.9 x 10 ' 9 

[pliotons/m/s] 

2 Vacuum system 

We choose the extrusion of aluminum alloy A6063 as a chamber material . All 
vacuum chambers will be baked to 150 °C for 24 hours before assembly at the 
beam line, but will not be baked in situ. To get the good performance of the ring, 
spares to conned chambers between magnets are minimized, typically 110 mm 
long. Further, we localize the synchrotron radiation by using tile photon ab
sorber, especially in the arc section. It has a merit tha t we can minimize the 
area of high gas desorption. 

2.1 Vacuum Chambers 

2.1.1 W i g g l e r S e c t i o n 

There are two wiggler sections in the ring and each section has four wiggler 
magnets. For the wiggler chamber, the aperture of the beam duct is a race
track of 15 mm high x 47 mm wide and its length is 2.4 m. The cross sectional 
view of the chamber is shown in figure 1 (a). Cooling channels are set in both 
horizontal sides of the beam duct. Along the beam duct , two side channels for 
lion evaporablc getter (NEC) pumps are installed. They are connected with 
the beam duct through slots that are created in the space between the cooling 
channel and the outer chamber wall. The conductance of these slots is about 
100 l / s /m for half side. Therefore, we need two side channels to satisfy the 
required pumping speed. Futher. there are three pumping ports with standard 
ConFlat flanges at the inner side of the ring to install ion pumps, some vacuum 
gages and the rough pumping systems. 

58 



(3 ) 

NEG 
channel 

S J t 
70 47 

Slits NEG 
channel 

i= 
70 

187 mm 

(b) Cooling 
channel Slit for SR photons Side channel 

71 gap < 5 mm . 

Beam duct ^ 1 5-f 100~200mm-

f igure 1: Cross sectional views of chambers (a) for the wiggler magnet (b) for 
the bending magnet. 

2 .1 .2 B e n d i n g S e c t i o n 

The bending section consists of 32 unit cells. The length of a unit cell is 2.36 m, 
1.0 in is for the bending magnet and the rest is the straight section for some 
focusing and correction magnets. The cross section of a beam duct is a circle of 
o27 nun as shown in figure I (b). The bending magnet is a combined type and 
the gap between the magnet poles is open to the outside of the ring. We add 
the antechamber to the beam chamber to localize the area that is irradiated by 
SK photons. We si-l ion pumps and NEC; pumps near the photon absorber to 
evacuate the out-^as effectively. 
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I ' igme 2: Layout, of the chamber connection at the wiggler section. 

2.2 Other Components 

2.2.1 C l a m p Chain F lange 

We use aluminum (A2219) flanges which are fastened by the clamp chain to 
connect vacuum chambers, because we can not fasten the flanges with bolts 
due to the limitation of the connection space. Figure 2 shows the layout of the 
typical chamber connection. We prepare 100x2 flanges in the ring with two 
types opening, race-track and circle. In this connection, the aluminum gasket 
that keeps the vacuum plays the role of the RF contact. 

2.2.2 Bel 

I he bellows is made of a stainless steel and is designed to permit the movement 
of 1 cm. We insert the RF contact at the inside of the bellows to keep the 
impedance contribution low. The RF contact is made of BeCu. We also prepare 
two types of bellows, race-track and circular aperture. 

2.2 .3 G a t e Valve 

In the present design, we will install eight all-metal gate valves in the ring to 
isolate sections where unexpected venting is anticipated. The aperture of the 
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gate valve is a circle of o2~ mm. Inner wall of the gate valve have to be connect 
-•moot lily by I he l iF contact. 

2.2.4 P h o t o n A b s o r b e r 

We protect tin- bellows and chambers from synchrotron light by the photon 
absorber, it also minimize the area where the gas desorption will occure. At the 
condition of fi()0 inA beam current, the typical power density along the beam 
duct become* 1.4 kVV/m for both wiggler and arc section. We est imate the 
temperature ol absorbers by using the 2-dimensional finite-element method. In 
this estimation, we assume the absorber is a simple cooling tube and the cooling 
water i- 2") °( ' and lo 1/min. flow speed. The result for the temperature of 
above aluminum absorber is below Go °C. For the antechamber, the maximum 
power density at the copper absorber is 32 YV/mm 2 and the tempera ture of 
it becomes i)f) °C. Further, that of the first bending magnet must absorb the 
power from wigglers. The maximum power density reaches 52 W / m m 2 and 
it- tempera ture will reach about 200 °C even if it is made of copper. We will 
-olve these heat problems by optimizing the cooling s tructure or by using the 
strengthened material against the thermal stress such as GlidCop. 

2.3 Pumping scheme 

2.3.1 R o u g h i n g P u m p s 

Wo connect roughing pump systems to vacuum chambers by manually operated 
valves. The system consist of an oil-free turbomolecular pump with magnetic 
bearings and a rotary pump. Pumps are mounted on the cart and disconnected 
from vacuum chambers duaring operation except for the NiiO pump activation. 

2.3.2 U l t r a H i g h V a c u u m S y s t e m 

Sputter ion pumps (SIPs) will be mainly used in the ring. They will be placed 
just before photon absorbers \o evacuate desorbed gases, effectively. The SIPs for 
straight chambers will be of 60 1/s nominal pumping speed, while for antecham
bers will be of 100 l/s. Linear MEG ribbons will be installed in two pumping 
channels of the wiggler chamber. Additional MEG modules will be installed in 
the normal cell to support the SIPs. The position of pumps and its j .umping 
speed are optimized by the method of monte carlo simulation. We assume con
servatively the pholo-de-orptioii rate i.s I x 10"'' molerules per photon and the 
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Figure 3: Pressure profile obtained by monte calro simulation (a) for wiggler 
sections (b) for normal sections. 

pumping speed of the NEC strip is SO 1/s/m. Pressure profiles of the optimized 
desian are shown in figure 1. The average pressure is expected to be S x 1 0 - 6 Pa 
and ~> •- 10~" Pn for wigglcr and normal sections, respectively. 

2.3 .3 V a c u u m m e a s u r e m e n t s 

Tin' cold-cathode gages will be used mainly in the ring. Most of them are 
mounted on the pumping port, while some gages are mounted on the beam 
duct direct lv. 
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Table 2: Longitudinal Impedance evaluated by TBCI and T 3 . 

Components I3l/"l (0) Number |Zii/»r"" (nj 
('avities 0.02 4 o.os 

Vacuum pump holes .j.-l x 10" s 1.5 x 10 5 /100m 0.01 
Vacuum pump slots r. x 10-' 1300/25ra 0.001 
Monitor electrodes 2 x 10" 5 4 x 6 0 0.005 

Bellows 3.5 x 10- ' 200 0.07 
Septum chamber G.S x 10" 1 2 0.001 
RF (juadrupoles 0.4 x 10" 3 2 0.01 

Transitions 1.5 x 10~ 3 4 0.006 
Clamp chain flanges 4 x 10" 5 100 0.004 

(Jatc valves S x 10 - 1 s 0.006 
Photon absorbers 5 x lO""1 200 0.10 

Total 0.29 

3 Single Bunch Instability 

The longitudinal microwave instability causes the bunch lengthening. It was 
observed in the damping ring of the Stanford Linear Collider (SLC) (4j. This 
phenomenon restricts the performance of the damping ring operated at the higher 
currents. The source of t his instability is wake fields that are generated at discon-
t inuit ies of t he vacuum chamber. Almost all the vacuum components of the JLC 
damping ring are same as that of the ATF damping ring. For ATF damping ring, 
we have estimated the wake field strength (the impedance) of the various vacuum 
chamber components [7] by using the computer codes TBCI [5] and T 3 [6]. 

Basic cross section of the beam duct is the circle and the race-track. They 
are connected by shallow transitions (taper tubes). However, there are many 
discontinuities as listed in Table 2. For bellows and gate valves, we set the RF 
contact in the inside of them to keep the chamber cross section. Therefore, 
the beam does not see the discontinuous structure. For flanges, they have a 
special gaskei and there is no inside gap. We use some photon absorbers to 
protect bellows and other components from the irradiation of SR. They become 
the largest impedance source. Therefore, it is essential to reduce the number of 
absorbers as possible as we can do. Fnther, another large impedance source is 
the RF cavity. We will use four cavities in the ring. 
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3.1 Estimation of the Bunch Lengthening 

Tin* calculated impedances for various vacuum components are summarized in 
Table 2. The threshold impedance [S] is 0.1 Ifi. while the calculated impedance is 
0.29S! in total. The above threshold is not a rigid condition but is a sufficient one 
for no fast beam blowup. Therefore, we estimate the threshold intensity with 
the another method. It is the eigenmode method including the potential-well 
distortion [9.10]. It determines the threshold at the point where the growth rate 
becomes bigger than the radiation damping rate. The designed beam intensity 
is 3 x 10'° particles per bunch. Results of the eigenmode method show that the 
threshold intensity is 0.9 x 10'° if we use the axially symmetric absorber along 
t he beam axis. Futhermore it says that the threshold intensity becomes 3.5 x 10'° 
if we reduce the absorber impedance to 1/4. In the real design, the absorber sits 
only at the outer wall of the chamber and its azimuthal filling factor is 1/10. 
Hence we expect that its impedance may be smaller than the symmetric one. In 
addition, it will be possible to reduce the number of absorbers to a half of the 
present design by optimizing the cooling system of vacuum chambers. Therefore, 
we may be able to avoid the single bunch instability in the damping ring, and it 
will be confirmed through the ATF studies. 
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Kicker Magnet System for JLC 

H. Nakayama 
KEK, National Laboratory for High Energy Physics 

Tsukuba, Ibaraki 305, Japan 

1. Introduction 
In order to extract beams from the damping ring of JLC.the magnetic field 

pulse of the extraction kicker magnet has to have very fast rise and fall times(less 
than GOnsec) and have about lOOnsec flat part. To generate such a field pulse, it 
is most suitable to use PFL(pulse forming line) and transmission line type kicker 
magnets. The fluctuation of the pulse height of usual kicker magnets may be of 
the order of 10~3, and the jitter of pulses is 3~5nsec. 

However, in order not to reduce the luminosity of linear colliders, the very 
severe limitation on fluctuation of the deflection angle of the extraction kicker 
magnet is given; the limit of A0/0 is less than several times 10~4, and this con
dition is very hard for usual kicker magnets. One possible way to satisfy the 
requirement is the double kicker system. 

In this system, one kicker magnet is placed at the kicking position in the 
ring and another kicker is placed in the transport line of the extracted beam. 
The transfer matrix between two kicker magnets is set to be —/. And when the 
pulse shapes of the two kicker magnets are equal and timing of the pulses are set 
correctly, the fluctuation of the deflection angle of the first kicker magnet can be 
compensated by the second kicker magnet. 

2. The test pulse generator and kicker magnet 
For double kicker system, it is very important to generate almost equal field 

pulse shapes for the two kickers; the shape difference between two field pulses of 
the kickers has to be less than 1%. Therefore, it is better to connect the two kicker 
magnets, which have the same structure and the equal impedance, to one pulse 
generator(PFL) in parallel. The time difference between two deflecting pulses can 
be adjusted with changing the length of the two transmission lines(coaxial cables) 
between the PFL and the kicker magnets. Then, in principle, we can generate the 
same field pulse shapes in two kickers. Of course, it is the problem how we can 
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make the two identical kicker magnets, and this is the important subject we have 
to research and develop. 

We fabricated two test kicker magnets shown in Fig.l, the impedance of each 
kicker is 25Q and the filling time of the magnet is designed to be 25nsec. We 
also fabricated test pulse generator; the impedance of PFL is 12.50 and as the 
switching device we use a CXI 192 thyratron(E.E.V-), as shown in Fig.2. 

3. The s ta tus of R&D 
We are now performing tests of the pulse generator whether we can get 30nsec 

rise time current pulses, connecting two 250 load resistors in parallel without two 
kickers. When the PFL charging voltage is below 40fcV, the rise time of the current 
pulses is about Wnsec, but if we increase the charging voltage from 40 to SOkV, 
the rise time increases from 30nsec to 50nsec, as shown in Fig.3. When we increase 
the reservoir voltage by about 20%, the rise time becomes 20~30nsec below 70kV 
charging voltage, but the thyratron cannot withstand 80kV. These facts shows 
the rise time is limited by dl/dt of the thyratron. In order to check whether 
we can get 30rtsec rise time up to 80fcV, we have the plan to improve the next 
pomts;(a) exchanging the thyratron to better one,(b)changing the impedance of 
the kicker magnets 25£l to 50fl to reduce dl/dt to a half, and (c)dividing PFL and 
the Ihyratron circuit into two and adding the pulse current after the thyratrons, 
and the kickers are connected in parallel to the adder. 

As for the kicker magnets, we are now adjusting the impedance of the magnets 
to have the identical character. 
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Fig.l The structure of the test kicker magnet of which impedance is 25fi. 

Fig.2 The block diagram of the main circuit. 
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Energy Compensation in the Bunch 
Compressor 

Mituso K I K U C H I , 
K E K , Na t iona l L a b o r a t o r y for High Ene rgy Phys ics , 

T s u k u b a , Iba rak i 305 , J a p a n 

Abst rac t 

Multi-bunch energy compensation schemes in bunch com
pressor system are discussed. Position shifts in DR can be 
converted to energy shifts during traversing a bunch compres
sor which has a phase advance of 90° in longitudinal plane. 
In that procedure, heavy beam loading in the compressor 
cavity must be canceled. Two compensation schemes are dis
cussed: one is the partial rilling, another beating method. 
Simulation showed that both schemes work. It also showed 
that the curvature of compressor cavity voltage is a main 
source of residual position shifts and bunch length deviation. 
If L-band structure was used, the bunch length deviation and 
relative position shift are respectively 3 % and 4 % while for 
the S-band they are 17 % and 18 %. Energy compensation 
at the exit of compressor is also proposed which use the same 
method. 

1 Introduction 
In the future linear colliders, short bunch length is necessary to squeeze the beam 
to very small size at the interaction point without losing luminosity. It is also 
needed to minimize the adverse effect of short-range wake field in the main linac. 
Proposed design of the linear collider JLC[1] requires bunch length ranging from 
90 iim to 150 [im in the main linacs. The bunch length of the 1.5 GeV damping 
ring (DR) is about 5 mm. It is decreased by a factor of 10 in the first bunch 
compressor and is compressed to desired length in the second compressor after 
pre-accelerated to 10 GeV in the S-band linac. 
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There are two issues which should be taken into consideration in the design of 
bunch compressors relating with the multi-bunch beam-loading effect. Firstly the 
equilibrium phases in the damping ring are different among bunches in a bunch 
train. This gives position shifts in the following linacs, resulting energy shifts 
during acceleration. This will, fortunately, make no problem if the longitudinal 
phase advance of the bunch compressor is 90°: position shifts are converted to 
initial energy spread (Fig. 1(a)) which is faded out during acceleration. Secondly, 
even if the phase advance is 90°, a transient beam loading in the cavity of the 
bunch compressor itself produces a energy spread among bunches. This brings an 
incomplete rotation in longitudinal phase space, resulting different longitudinal 
positions in the linacs which gives the energy spread again (Fig. 1(b)). 

This paper describes energy compensation schemes for the multi-bunch beam 
loading effect in the compressors for the JLC plan. In the section 2 compensation 
schemes are proposed. In section 3 simulation results are shown, and detailed 
discussions are given in section 4. 

(a) (W 
"e te 

Figure 1: Beam-loading effects in Bunch Compressor, (a) position shifts in DR are 
converted to energy shifts by the compressor, (b) beam loading in the compressor 
cavity produces an incomplete rotation in the (z,e) space. 

2 Compensation Scheme 
2.1 Equil ibrium phases in the damping ring 
A part of proposed parameters of DR is given in Table 1: 5 batches (train) of 
20 bunches are filled sequentially, each bunch having 2 x 10'° particles. Since 
the azimulhal bunch distribution is not uniform, accumulated wake field of the 
fundamental mode in the cavity generated by preceding bunches of previous turns 
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Table 1: DR parameters 

circumferance C 160 m 
Knergy loss per turn u0 

0.223 MV 
Number of train N, 5 
Number of bunch in a train Nb 20 
Number of charges in a bunch <? 2 x 10 l oe C 
Cavity voltage Vc 0.6 MV 
Cavity frequency fr, 1.428 GHz 
Number of cavitv cell Ncii 4 
Shunt impedance per cell Rth 4.2 Mfi/cell 
Loss parameter per cell *o 0.528 V/pC/cell 

acts differently among bunches in its ampli tude and phase. Tail bunches feel 
larger wake than preceding bunches does. Since a revolution frequency must be 
I he same, the consequence of different beam loading voltage is tha t e?ch bunch 
has a different equilibrium phase. The results of the calculation is shown in Fig. 2. 
If only a fundamental mode is taken into account, position shifts are almost in 
linear to I he bunch number and it amounts to ± 5 m m (Fig. 2(a)) . In Fig. 2(b) 
assumed a higher order mode with Q=100 which occasionally coincide with two 
ami half (he bunch frequency, that means a bunch is accelerated by a wake by a 
preceding bunch, position shifts are staggering around the line which corresponds 
to tin- case of fundamental mode. 

(a) 

bunch Number 

Figure 2: Equilibrium positions in DR. (a) with fundamental mode only (b) in
cluding a higher order mode(HOM). Loss parameter of HOM is equal to that of 
fundamental mode. Q(1IOM)=3G0, f(IIOM)=4.25f 0 . 

v I 
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2.2 Longitudinal optics 
These linear or nonlinear position shifts in the DR are converted to energy shifts in 
the following linacs by a bunch compressor with a phase advance of 90°. Principle 
is sketched in Fig. 1(a) where each bunch rotates by 90° in the longitudinal phase 
spare (z.AKjl: ') according to the local slope of rf voltage while the bunch centroid 
rot ales by the same amount that maps itself onto the energy axes. Transfer matr ix 

"»-h ' 0 ( ; ? ) ( i ' ; ) - ( i + ' , " ' + ' ' " . +

+ « ) ' <•> 
where (,(i = 1,2) is dilation factor of the arc before and after t h e cavity while k 
is local slope of the rf voltage normalized to nominal energy. In the linear range 
(if sine function, k is given in terms of rf peak voltage V, rf frequency u>, beam 
energy K. and velocity of light c: 

wV 

Bel a function and its slope is given at the initial point and the final point: 

/?> = "lifaz = °*\l°t\ (3) 
A = <&/<• = m 2A (4) 

<*i = cc2 = 0 (5) 

where m is a magnification factor of beam size <T22/<T2I (m = 0.1 in our case). 
I'roin the condition tha t the phase advance is 90° combining with eqs. (3)(4)(5) 

fi = 6 = - l / * = m / ? , = < 7 , 2 / < 7 c l . (6) 

In our case Ci = (2 = 0.625m and V = 4 1 M V for the S-band cavity s t ructure. 
Energy shifts after passing the compressor cavity becomes ±0 .8 %. Therefore 

the band width of the second arc has to be ± 2 % . 

2.3 Beam loading in the compressor cavity 
If the SLAC structure is used as a compressor cavity, beam loading voltage to the 
last bunch is estimated as 3.5 MV, assuming the s tructure length LM of 1.5 m 
and loss parameter per unit length k/j of 19 VjpCjm. This is comparable to the 
energy gain of the last bunch of 12.3 MeV assuming middle bunch is placed a t 
the zero-cross phase of the compressor cavity. Since the trailing bunches sit a t 
the crest of beam-loading rf voltage, it cannot be compensated for by adjusting 
the main compressor voltage. Energy gain of a particle with longitudinal position 
; relative to center of the n-th bunch z„ is expressed by 

n - l 
Ki(z) = V0sm k(zn + z) -2kMqY,[LM - (n - i)As]cosk(z„ - z,- + z) . (7) 
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Here. I. is a total s t ructure length and, A s is the propagation length of rf power 
between two successive bunches. Since L ^> TV A s holds in our case V„ is almost 
linear in n. N is a number of bunches in a train. 

Two options of compensation have been considered. T h e first scheme uses 
partially filled structures proposed by R. Ruth[2]. Bunches traverse the traveling 
wave s t ructure where rf is partially filled. Since the group velocity is not zero, 
following bunches receive more or less energy depending on tha t the input rf power 
is larger or less compared to fundamental mode wake field generated by preceding 
bunches. In the present case following bunches must receive more energy. The 
energy gain of n-th bunch is given by[2] 

AV„ = £o<"(l - e~Kl') + ( n - 1 )£0e~n/tAs-[n-\)2kcqLc + n(n- \)kcqAs , (8) 

where £0 is field gradient, 2kcq the fundamental mode wake field per unit length, 
Lc a total s t ructure length, ( the inverse of a t tenuat ion constant , and s0 is the 
length where the rf power is filled when the first bunch arrived. T h e second and 
the third terms are linear in the bunch number and can be used to compensate 
the linear par t of energy deviation. The condition that the linear par t of eq. (8) 
cancels that of eq. (7) leads to 

e-V'As • 

2q{kL),M is a wake voltage of the main compressor s tructures. Compensation 
structures need preferably those with short length and large apertures. Using 
SLAC structure , we get £0 = 29 MV/m, assuming s0 = 0, As = 8.4 mm (vs = 
0.02c), and L = 0.5 m. This value is manageable with the present high gradient 
s t ructure technology. The last term of eq. (8) is quadrat ic in bunch number and 
it could be large compared to linear part . In our case the ratio of quadratic te rm 
to linear terms is given by NAs/(2Lc) — 0.11. 

Another conceiyable scheme is to use two structures driven by slight different 
frequencies. Principle is shown in Fig. 3. Making use of linear par t of their 
beating wave, compensation can be done with relatively low voltages. Denoting 
wave numbers as k0 ± A t , summed voltage is written as 

AVn = K s i n ( t 0 + Ak)z„ - Vsm(k0 - Ak)zn 

= 2VAkzn cos k0zn , (10) 

where Akzn <C 1 was assumed. Since z„ is almost linear in n , V„ is also linear. 
Thus the compensation conditions are given by 

(kL)M + 2{kL)c 

V = q 6A l 
Ak < (N - 1 ) 6 , (11) 
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Figure 3: Beating method. Each bunch is placed on the crest of modulated rf. 

where 6 is a nominal bunch spacing. In (11) we have used the approximation 
-„ = (n~l)b+Az„ = (n - 1)6. If we choose Ak = 0.0-M m" ' ( A / = 2.1 MHz), 
L = 0.5 m, and using parameters given above, we get V = 8.2 MV. Thus rather 
a small gradient is sufficient. 

2.4 Energy compensation at the end of the arc 
It might be preferable to have less energy spread at the entrance of following linac 
in order to ease the transport or to relax the alignment tolerance. It is possible to 
correct the energy spread by placing the energy compensator system at the end of 
the arc which is based on the same method as the preceding subsection. In that 
case, preceding bunches must receive more energy than the following bunches 
do. If the partial filling method is used, empty structures are preferable. The 
condition of correction is given by 

(N - l)2q(kL)c = ((A*„ - A 2 , ) / < M ) ( < W ™ ) £ O . (12) 

From above eq., using S ALC structure, Lc becomes 10.7 m. For the case of beating 
method, correction condition becomes 

2VAk{zN -zt) + 2(N- \)2q(kL)c = ((Az„ - Az,)Mi)(<W™)£o • (13) 

Using the same parameters in the previous sections eq. (13) gives V = 28.5 MV 
for Lc = 1 m. 

3 Simulation 
Simulation has been done for both the S-band (2856 MHz) and L-band (1428 
MHz) structures. We have assumed that the loss parameter for the fundamental 
mode is 19 V/pC/m/ for S-band and scales as oc / 2 . Bunch shape in DR was 
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assumed to be Gaussian. Since both methods of compensation give almost the 
same results only the beating method is shown in the following. Results for the 
S-band case are shown in Fig. 4(a)-(c). Fig. 4(a) shows a phase space plot at the 
end of the arc for the l a ellipse with no compensation. It shows that position 
shifts in DR are converted to the energy shifts and that a energy loss in the 
compressor cavity results in position shifts. Fig. 4(b) is the same plot but for the 
case w ;th energy compensation. Small position shifts (~ 0.1<r) still be observed 
due to a nonlinearity arising from rf sine wave of the main and compensation 
cavities. Fig. 4(c) shows the results for the full compensation which includes 
the energy compensation at the end of arc. Ellipses in phase space are rather 
deformed due to nonlinearity especially for the first and last bunches which are 
placed off zero-cross phase of main rf voltage. Lower frequency cavity would relax 
this deformation. Fig. 4(d) shows the simulation results for the L-band case. In 
this case compensation cavity at tbe end of arc used a S-band structure because 
the position shifts are already corrected and therefore nonlinear effect is expected 
small. 

2 (mm) z (mm) 

* (mm) z („,„) 

Figure 4: Phase space ellipses corresponding to la beam size, (a) S-band cavity 
without compensation, (b) S-band cavity with comensation. (c) S-band cavity 
with full-compensation, (d) L-band cavity with full-compensation. 
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Fig. 5 shows contour plot and the distribution in the position and energy axis 
for the first bunch for S-band (a) and L-band (b) case. Rather long asymmetric 
tail is produced in the z-axis in the S-band case. Dotted line gives a Gussian 
fit. Bunch length is plotted to the bunch number in Fig. 6 for S-band (a) and 
L-band (b) case. Solid lines gives fitted value with Gaussian and broken iines the 
rrns value with cut larger than 3 fitted sigma. For the S-band case bunch length 
deviates about 17 % while for the L-band it is 3 %. 

SL-KCH NUMBER: 1 
0 , !* [ ) 0 .74 07 X 
B . i r a i ) 0 7099 S 

| 3 Oo-eutJ 

•Jl i ' .J O B 0 J & B 
<J,(rt=i> 0 BZOB a 

z (mm) 

Figure 5: Distributions in the postion and energy axis, (a) for the S-band case. 
(b) for the L-band case. 
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Figure 6: Bunch length dependence on bunch number, (a) for the S-band case. 
(b) for the L-band case. 

Simulation results are summarized in Table 2. 
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Table 2: Simulation summary 

Main £,=2856 MHz 
(L=2 m) 

V=41.2 MV fo=I428 A///z 
(L=4 m) 

V=82.3 MV 

compens. 1 compens.2 compens.1 compens.2 
Boat 

Method 
Af=±2.1 MHz 

V=I9 MV 
L=2 x0.5 m 

Af=±2.1 MHz 
V=58 MV 
L=2 x l m 

Af=±2.1 MHz 
V=2.4 Af V 
L=2 x l m 

Af=±2.1 MHz 
V=S9 MV 
L=2 x l m 

Part. 
fill 

compens. 1 compens.2 
V/L=0 A/K 
(L=10.6 m) 

compens.1 compens.2 Part. 
fill V/L=34.8 MV 

(L=0.5 TO) 

compens.2 
V/L=0 A/K 
(L=10.6 m) 

V/L=l. l MV 
(L=0.25 TTI) 

V/L=0 MV 
(L=10.7 m) 

A.-m"/<7, 0.18 
0.17 

0.04 
0.03 „m.fl 

0.18 
0.17 

0.04 
0.03 

4 Discussion 
In the previous section, we have assumed that the position shift is linearly de
pendent on the bunch number. Actually position shift has somewhat nonlinear 
dependence due to a curvature of DR cavity voltage, if it is operated with low 
voltage. And it shows staggered dependence on bunch number if a higher order 
mode is coincident with some fraction of revolution frequency. In our case, for
tunately, position shifts are small fraction of the bunch separation and therefore 
almost the nonlinear effects come from the curvature of compressor cavity voltage: 
the nonlinearity of position shifts in DR does not manifest itself in the present 
design. 

Another point which should be discussed is what extent the residual posi
tion shift is allowed. It should be noted that the second compressor has a 180° 
phase advance, meaning that position shifts are converted to position shifts ag?in. 
Since the main X-band linac should have subtle energy compensation system, the 
residual position shift might affect them. 

The last, point is the bunch length. Bunch length deviation of 17 % might affect 
the single-bunch beam loading and also the multi-bunch energy compensation in 
the main linac. But the allowable maximum value is not given at present. 

5 Summary 
Multi-bunch energy compensation schemes in bunch compressor system were dis
cussed. It has been shown that by choosing a phase advance of 90° in the com
pressor, position shifts in DR can be corrected at the exit of compressor. In that 
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procedure, heavy beam loading in the compressor cavity must be canceled. Two 
compensation scheme were discussed: one is the partial filling, another beating 
method. Simulation showed that both scheme work. The simulation also showed 
that the curvature of compressor cavity voltage is a main source of residual posi
tion shifts and bunch length deviation. If L-band structure was used, the bunch 
length deviation and relative position shift are respectively 3 % and 4 % while for 
the S-band they are 17 % and 18 %. 
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[2] R. Ruth , Multi-bunch Energy Compensation, SLAC-PUB-4541 (1988) 
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MULTIBUNCH INSTABILITY IN ATF DAMPING RING 
Kiyoshi KUBO 

KEK, National Laboratory for High Energy Physics 

Abstract : Multibunch instabilities due to wakefield of RF cavities in the damping ring 
of ATF were studied. Both transverse and longitudinal motions, with wakefield of 
monopolc and dipole modes in the RF cavities, were considered. Wakefield of the 
accelerating mode was also taken into account. In order to suppress coupledbunch 
instabilities caused by the accelerating mode, feedback system was introduced in the 
making. Instabilities caused by the higher order modes' wakefield will be suppressed 
with damped cavity' (low Q cavity) and bunch-to-bunch betatron tune spread of about 
lxI0'-\ Requirements for Q-values of higher order modes were estimated. Except for the 
feedback system, methods of suppression of instabilities and tracking simulations were 
similar to the previously reported work for the JLC damping ringt'I. 

I. INTRODUCTION 

The bunch configuration of the damping ring of ATF is shown in Fig. 1 schematically. 
There are five bunch trains in the ring and each bunch train contains twenty bunches. The 
number of particles in a bunch is designed to be 2 x l 0 1 0 . The spacing between bunch 
trains are about 60 nscc and the spacing between bunches is 1.4 nsec in each train. 
Because of the large number of bunches and high current, multibunch instabilities due to 
wake field of RF cavities may be serious problems!". 

In the simulations, each bunch was treated as a single charged particle (rigid bunch). 
Transverse instabilities (section II) and longitudinal instabilities (section III) were 
simulated separately. In each case (section II and HI-(B)), only one higher order mode 
was considered in one tracking. General parameters of the ring used in the simulation are 
as fol!owsl2H31. 

Beam energy 1.54 GeV 
Revolution frequency =2 MHz 
RF frequency 1.428 GHz 
RF voltage 0.5 MV/ring 
Shunt impedance of RF cavities RQ 17Mfl/ring 
Unloaded Q of RF cavity 18000 
Number of particle/bunch 2X10 1 0 

Number of bunch/train 20 
Number of train in a ring 5 
Beam current =0.7 A 
Injection(extraction) rate 150 Hz 
Radiation loss 0.22 MeV/tum 
Radiation damping time 8 msec (transverse) 
Betatron wave length PRF 5 m (at RF section) 
dp/ds 0 (at RF section) 
Momentum compaction a 0.0019 

II. TRANSVERSE MOTION 

First, a dipole mode with the largest R/Q was considered. This mode was assigned 
as TM111 and following parameters^) were used in the tracking. 



Frequency =3 GHz (scanned) 
(R/Q) 15 Kfil/m/ring 

Note that one train (20 bunches) is injected (extracted) at a time. Injection rate is 150 
Hz and number of trains is 5. then each train stays in the ring for 33.33 msec. In our 
simulation, the first train was injected in an empty ring and the following trains were 
injected every 6.666 msec. After 33.33 msec, the first train was extracted and the next 
train was injected where the other trains were circulating. Motions of first injected train 
and those of trains which take the place of it (6th, 11th etc.) were observed. It was 
assumed that all bunches have the same transverse offset of lOOjim at the injection. 
Betatron tune was chosen not to be a simple fraction of any integers. The frequency and 
loaded Q-value of the dipole mode was varied to estimate the required value. 

To see how bunches are stable (or unstable) for various conditions, we observed 
Courant-Snyder Invariant' defined as 

e=vx2+2axv x+Pv x

2. 
where x is transverse offset and vx=dx/ds. 

Fig. 2a shows e of the 1st, 10th and the last (20th) bunches of 20 bunches in a train 
vs. turn number with loaded Q-value of Q=10. Fig. 2b shows e of 10th and 20th bunch 
without extraction and injection for a long time. E of the 20th bunch grows up to 13-
orders higher than the initial value and even £ of the 10th bunch grows up to 5-order 
higher. Because these will be damped finally, this is transient instability. This result can 
not be acceptable because the bunches should be extracted about 7000 turns after 
injection. 

If much lower Q-valuc can be obtained as Q=5 or less, this growth will be 
suppressed. But it will be very difficult or impossible to obtain such low Q-value. 

In order to decouple the betatron oscillations of bunches in a train, let's introduce 
bunch-to-bunch tune spread in a train, as shown in Fig. 3, Av is defined as peak to peak 
spread. The spread of Av=lX10~3 is expected to be obtained by RF quadrupolel^l. In 
Fig. 4a and b, £ of 20th bunch vs. turn number were shown for (a) Av = +1x10"-' (b) 
Av = -1x10"3 in the case Q=200. These show transient instabilities can be suppressed 
with Av, and we can chose the sign of the value for more rapid damping. Other bunches 
were also found to be stable. This Q-value is found to be low enough by tracking with 
frequency scanning around 3GHz. 

In order to study effects of other dipole modes with less R/Q, tracking for two cases 
as follows were performed. 

Frequency = 4GHz(scanned), (R/Q) = 4 Kii/m/ring and 
Frequency = 4GHz(scanned), (R/Q) = 2 Kfi/m/ring. 

Frequency scanning was performed for both cases and requirements for Q-values 
were estimated for the most pessimistic frequencies. For example, Fig. 5 shows £ of 20th 
bunch vs. turn number for R/Q=4KQ/m in the cases of (a) frequency=3.90GHz and 
Q=1000, (b) frequency=3.92GHz and Q=1000 and (c) frequency=3.90GHz and Q=500. 

Fig. 6 shows £ of 20th bunch vs. turn number for R/Q=2KQ/m in the cases of 
frequency=4.00GHz and (a) Q=1000, (b) Q=1500 and (c) Q=2000. Av = -1X10"3 was 
assumed in all cases. 
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From tracking for a lot of conditions, it was found that there is rather simple law of 
the requirements for Q-values as follow which is not depend on values of R/Q. 

(R/Q)Q < 2 or 3 x 10<3 £2/m/ring 
If bunches are populated in the ring uniformly, the growth rate of coupled bunch 

instability can be expressed from analytic calculation. 

MNe 2co n

2p 
x " 1 - ^— Real[Z(co)] 

8 T I 2 E (i) 

where M : number of bunches 
N : number of particles / bunch 
OX) : revolution frequency 
P : P at RF section 
E : beam energy 
Z(co) : impedance 

If a resonance frequency of a higher order mode of RF cavities hit some oscillation 
mode frequency, impedance at the mode frequency is 

Real[Z(co)]=|-(^)Q 
(2) 

Althou£ h bunches will not be populated uniformly in our case, let us compare this 
with the results of the tracking simulation. 

The growth rate should be less than the rate of the radiation damping. Using 
parameters listed in section I (M=100), the limit of (R/Q)Q are obtained as 

(R/Q)Q < 1.5 x 104 SVm/ring. 
This is much smaller than the value obtained from the tracking. 

Considering decoupling of bunches in a train because of tune difference, M in the 
equation (1) can be set to be number of trains of 5. Then the limit is 

(R/Q)Q < 3.0 x 106 Q/m/ring. 
This limit is well agree with the tracking simulation. 

III. LONGITUDINAL MOTION 

(A). Instabilities Caused by Accelerating Mode 

Coupledbunch instabilities caused by accelerating mode (fundamental mode) of RF 
cavities will be a serious problem in large (long circumference) and high current storage 
rings!4!. Growth rate of longitudinal coupledbunch instabilities can be expressed as 
follows in the case that bunches are uniformly populated. 

„. , MNe 2 ao)^ oo 
-Ku) = —o. £ Rearz/co,. \ ] 

8jt 2Eo) s p=-~ M P ^ l \ MP-tVJ 
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Mpu. r " 0 s Q) 
where M : number of bunches 

N : number of panicles / bunch 
COO : revolution frequency 
cos : synchrotron oscillation frequency 
H : mode number (from 0 to M-1) 
a : momentum compaction 
Z(co) : longitudinal impedance. 

Considering accelerating mode of RF cavities, the impedance is 

Ft / 2 
2M - ° 

l + "A to ar) (4) 

where C0j- : resonance frequency 
Q : loaded Q-value. 

Assuming a>$ « coo, Wr=hG>o and u)r/(Mcoo) « Q (where h is harmonic 
number), the impedance has effects only around the RF frequency. The growth rate of 
H=0 mode is expressed as follows. 

MNeW 
0 71 t C u s ( 5 ) 

Compare the real part of impedance between co=hu)o+tOs and co=hton-cos • a s shown 
in the Fig. 7, the growth rate will be always negative (stable) if cur < hcorj and always 
positive (unstable) if (Or > hcon. This behavior is well known and called 'Robinson 
damping (or instability)'. From other reasons (beam loading, required power, power 
reflection and etc.) the resonance frequency should be chosen to be less than the RF 
frequency and the n=0 mode will be always stable. 

On the other hand, if M 22, growth rate of n=M-l mode 

8 J I 2 6 B 8 ° 

x R e a [ Z ( ( h - D c o 0 + <o s)-Z((h +DcD 0-co s)] ( f i ) 

will be always positive as shown in Fig. 8. 
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If the current is not so high, the impedance at a>=(h-l)oon+u)s will be negligibly 
small and the growth rate will be much smaller than radiation damping rate. 

In our case of high current and a number of bunches, detuning frequency (hcon-WiO 
and band width of the cavity will be both as large as a half of the revolution frequency. 
Then strength of the impedance which affects M-l mode will be large and the growth rate 
will become one-order larger than radiation damping rate. Moreover M-2 mode will be 
unstable too. 

This instabilities can be avoided if higher accelerating voltage is obtained with 
relatively small number of cavities (or low R/Q of the accelerating mode). Because it is 
not acceptable to feed so much power into small cavities, we should choose lower RF 
frequency (such as 714 MHz) to achieve higher voltage with lower R/Q. We do not 
discuss further this method here. 

Another solution is to introduce feedback for the instability. Because we know 
which couplejbunch modes will become unstable, only narrow band (frequency domain) 
feedback is needed, which is more easy to construct than broad band (bunch-to-bunch) 
feedback system. The idea of the feedback system is shown in Fig. 9. Bunch signals 
from some pick up monitors are put into band pass filters and the filtered signals are 
combined with the main RF signal which is fed to RF cavities after amplified by a power 
source. 

The primary signals should be proportional to the energy deviation of the passing 
bunches. Such signals will be obtained by position monitors located at a large dispersion 
region in the ring. The frequencies of the band pass filters are u)FB=(ri-1 )u)o+(i)s for M-l 
mode, G)FB=(h-2)a>0+(os for M-2 mode and so on. The band width of the filters should 
be narrower than that ot the RF cavities whose loaded Q-value will be a few thousand in 
our case. 

Equation of motion of a bunch (rigid) is expressed as follows with wakefield and 
feedback. 

^ T + ^ n - S - I I [ ^ ) - V m e - \ n - m ) f ' ( 2

k , n - m ) 
as c o k m=0 

+ FB 

z , = c(k + —rr—)T„ 
k,n-m x M O (7)t 

where x n is time-energy deviation (complex) of n-th bunch (n->n + M j f n < 0 ) t 

summation index 'k' means turn number in the past, To is revolution period, W is 
derivative of wakefunction and FB is effect of the feedback expressed as follows. 

M-1 
FB = A Y Y T ( S - Z , , )G(Z. ) 

r* " kn-m ' v k,n-m' 
k m=0 (g), 

, P FB C Z J<n 

1 Qz) = e

 n " ! (z>0) , = 0 (z<0) 
FB r r (9), 
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\ F B ; V rj ( 1 0 ) 

A' is a complex constant which is determined by feedback gain and phase. G is Green 
function of the feedback which is defined as follows where Vn is the primary signal from 
the pick up and Vprj is the voltage induced in RF cavities by the feedback. 

vFB(z) = £d*<*-z-)v0(*) ( n ) 

coReaI[Z(Q))] is proportional to the growth rate as in eq. (3) and is proportional to the 
real part of Fourier transform of W'(z) where Z(co) is Fourier transform of W(z). 
Similarly, the effect of the feedback to the growth rate is proportional to the real part of 
Fourier transform of G(z), 

Q[(0) ~ B Q p f ^ F B Q r / a > r 

'• »,£?-*) W * - * ) . (12). 

where B is complex constant (proportional to A) and should be chosen to be real and 
negative for effective damping. The effect can be seen in Fig. 10 as a correction of 
(oReal[Z(o))]. The solid line shows total effective G)Real[Z(co)], where the doted line is 
coReal[Z(u>)] of the RF cavities and the dashed line is the effect of the feedback. Note that 
Real[Z(-CD)]=Rcal[Z((o)]. 

Even if the primary signals are proportional only to the bunch current, not to the 
energy deviation, the feedback will be effective with narrower band width of the filters. 
In such a case, the effect to the growth rale will be proportional to Fourier transform of 
derivative of G(z). It is proportional to Real[ wSCc) ] which has different sign at co<0 and 
co>0. The effect is shown in Fig. 11. Because impedance at u)=(h+n)Q)o+a)s excite |l-th 
coupled bunch mode, the band width of the feedback filters for ji=M-l,M-2 should be 
narrower than synchrotron frequency in order not to excite |X=+1 ,+2 modes. 

Otherwise the upstream (before filters) of such system, does not need energy 
information, will be easier to construct, the narrower band width means slower feedback 
and not effective in the case the growth rate is comparable or larger than the synchrotron 
oscillation frequency ( = 10 4 s 1 ) . On the other hand, the proposed system will be 
effective as long as the growth rate is less than the cavity filling time (= 10 6 s _ I ). 

The system was simulated by tracking including wakefield of accelerating mode and 
also accelerating field induced by the power source. One of the results is shown in 
Fig. 12a and 12b, which shows energy deviation of the last (20th) bunch in a train vs. 
number of turns. Feedback was always 'on' in Fig. 12a and it was suddenly switched off 
at 40000 turns in Fig. 12b. 

(B). Instabilities Caused by Higher Order Mode 

Trackings including wakefield of higher order mode were also performed for several 
modes. Only one mode was considered in one tracking. The frequencies were scanned 
and required Q-values were estimated. The R/Qs and frequencies and required Q-values 
are listed bellow. 
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R/Q frequency required Q 
400 fi/ring = 2.1 GHz <15 
300 Q/ring = 2.1 GHz <20 
80 fi/ring = 3.7 GHz <100 
40 fi/ring =4.6 GHz <200 

These values will mean that longitudinal impedance of higher order modes (R/Q)Q 
should be less than 6Kfi or 8KQ. 

(C). Shift of Bunch Position caused by Wakefield 

Because bunches in our ring are not uniformly populated, the bunches will 'feel' 
different amplitude of the accelerating field depending where they are in a bunch train. 
Bunches at the tail of a train 'feel' smaller amplitude than those at the head because of 
wakcfield induced by the leading bunches. Because of this difference, bunch positions 
(or phase of accelerating field when the bunches pass) will be shift from nominal ones. 
Assuming that the accelerating mode has dominant effect compared with higher order 
modes, the difference of amplitude is almost linear and the shift is linear too. Fig. 13 
shows time deviation (delay) of 2nd, 10th and 20th bunch in a train vs. turn number 
obtained from a tracking. This shift will be larger than the bunch length (o=5 mm or 17 
pscc) and should be compensated in the ring or between the ring and the main linac (eg. at 
the bunch compressor). 

IV. SUMMARY 

Multibunch instabilities due to wakefield of RF cavities in the damping ring of ATF 
for JLC were studied. 

Transverse instabilities can be suppressed with 'damped cavity' (low Q cavity) with 
hunch-to-bunch betatron tune spread of about 1X10-3. The requirement estimated by 
tracking simulation are well agree with analytic approximation. 

(R/Q)Q < 2 or 3 x 106 Q/m/ring (transverse). 
Longitudinal coupledbunch instabilities caused by wakefield of accelerating mode 

will be suppressed with narrow band feedback system. Lower RF frequency may be 
alternative solution. 

Longitudinal instabilities caused by higher order mode wakefield can be suppressed 
with damped cavity. The requirements for some cases were estimated and these can be 
roughly summarize as 

(R/Q)Q < 6 or 8 x 103 Q/ring (longitudinal). 
Shift of bunch positions caused by longitudinal wakefield (mainly the accelerating 

mode) will be larger than bunch length and will have to be cared. 
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FIGURE CAPTIONS 

I, Bunches in the ATF damping ring. 
2(a), e vs. turn number of 1st, 10th and 20th bunch in a train, where R/Q= 15kQ/m 

and Q=10. (b), e vs. turn number of 10th and 20th bunch in a train without 
extraction, where R/Q= 15k£i/m and Q=10. 

3, Definition of Av, tune spread in a train. 
4, e vs. turn number of 20th bunch (a) Av=+0.001 and (b) Av=-0.001, where 

R/Q= 15kfi/m andQ=200. 
5, e vs. turn number of 20th bunch (a) f=3.90GHz, Q=1000, (b) f=3.92GHz, 

Q=1000 and (c) f=3.90GHz, Q=500, where R/Q= 4kCi/m and Av=-0.001. 
6, e vs. turn number of 20th bunch (a) Q= 1000, (b) Q=l 500 and (c) Q=2000, 

where f=4.00GHz, R/Q= 2kQ/m and Av=-0.001. 
7, Impedance for Robinson damping, n=0 mode. 
8, Impedance for instability of p.=M-I mode. 
9, Feedback system for longitudinal coupledbunch instability. 
10, Effect of the feedback as correction of coReal[Z(co)]. 
II, Effect of the feedback by another method as correction of (i)Real[Z(co)]. 
12, Energy oscillation of 20th bunch in a train vs. turn number, (a) feedback on and 

(b) switched off at 40000 turn. 
13, Time deviation of 2nd, 10th and 20th bunch in a train vs. turn number. 
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Development of Highly Polarized Electron Source 

JLC - Polarization Group 1 , presented by 

Tsutomu Nakanisbi 
Department of Physics, Nagoya University, Nagoya-464, Japan 

Abstract 

In order to prepare the polarized electron beam for J L C , we are pu t t i ng forward 

two .cinds of R / D works, one is the photoca thode development and the other is the 

construction of the operat ional gun. 

As a result of the former work, we could achieve the breakthroughs against for the 50% 

polarization limitation of an available G a A s photoca thode . T h e polarizations of 7 1 % 

and 8tl% were a t ta ined by two kinds of newly designed photocathodes , the Ga.* s-AlGaAs 

supr r ia t t i ce and the s trained GaAs in the spring of 1991. After those breakthroughs, 

experimental s tudies are in progress to improve further t he performances(polarization 

and q u a n t u m efficiency) of new photocathodes . Some recent results are described in 

this report . T h e o ther work, the construct ions of the proto- type of operat ional guns are 

also progressing at KEK and Nagoya university, respectively. Here, the present s t a tus 

on I he construct ion and the performance test is briefly repor ted . 

'The members of JLC - Polarization group are as follows, 
M. Yoshioka, Y. Takeuchi, T. Omori, Y. Knrihara, K. Itoga ( KEK ] 
T. Nakanishi, S. Okumi, H. Aoyagi, M. Tsubata, M.Tawada, T. Kosugoh, K. Togawa [ Nagoya Univ.j 
Following members contribute especially to the photocathode development. 
T. Saka, T. Kato [ Daido Steel Co.] M. Mizuta, T. Baba [ NEC Co.] 
H. Horinaka ( Osaka Prefecture Univ.] Y. Kamiya [ Toyota Tech. College ] 



1. Introduction 

A polarized electron beam is expected to make a very important role in the e + e~ 
linear collider experiments. The reason is obvious. The weak interaction is essentially 
handed and it leads to the significantly large polarization asymmetry for each funda
mental process like c+c~ —> qq, W+\V~ etc. at an energy region above 100 GeV. With 
this fart, first, the polarized electron beam can be used as a mean to handle the standard 
model backgrounds. In addition and more importantly, the measurement of polariza
tion asymmetry has possibility to become an important clue to the origin of the new 
interactions beyond the standard model [1]. From the above view points, it is very 
important to develop and construct the source which can supply the polarized electron 
beam to JLC from the beginning of its operation. 

The final goal of R/D work for PES (polarized electron source) can be defined as, 
it should produce the beam with (1), 100% degree of polarization and (2), high peak 
intensity to give the same luminosity at an interaction point of the e + e~ linear collider 
as achieved by the unpolarized electron source. The laser-induced photoemission from 
CiaAs (or related materials) is considered as an only practical choice which can provide 
the intense beam required by the e+c~ linear collider, although a number of other 
methods have been devised for PES. 

The GaAs-PES was already proven useful in many instances, but there still the 
challenging problems have been left, which are the improvement of performances for 
(i),polarization and (ii),intensity. Those improvements are urgently required for the 
application to high energy physics and thus, first, we review about the origins of those 
problems of (i) and (ii). 

(i) The ESP of photoelectrons excited from T point (the top of the vaience band) 
depends on the band structure of semiconductor. For GaAs, it is shown in fig. 1(a), 
there, the key point is a degeneracy between the heavy-hole (hh) and light-hole (In) 
bands at T point. It limits the theoretically - attainable ESP below 50%. For overcom
ing this 50% limitation, the degeneracy must be removed, replacing GaAs by new other 
semiconductors whose band structure is shown in fig. 1(b). 

(ii) The quantum efficiency (QE) of the photocathode is given as a product of proba-
bilit ies of two successive processes. The first process is the photo-excitation from valence 
band to conduction band, whose probability depends on the GaAs thickness compared 



with the absorption length of photon. The second process is the escape of photoelec-
trons from conduction band to vacuum. There, the NEA (negative electron affinity) 
technique is used, which lowers the working function below the energy level of conduc
tion band, covering the clean surface with a monolayer of Cs and oxidants as shown in 
fig.2. The NEA state is easily broken due to the contamination attached to the surface 
or by the drift-out of Cs atoms from the surface. Thus, the large escape probability is 
only guaranteed by the good NEA state, otherweise the current drops and brings about 
the iife-time problem. 

Related with above fundamental problems, our subjects of R/D work are classified 
into followings, 

(A) Photocathode development toward the 100% polarization 
(B) Construction of the operational gun which can supply the beam required by 

the JLC accelerator. 
Some details about our achievements are described in section 2 and 3, respectively. 

2. P h o t o c a t h o d e development 

As noted in the introduction, for long years, the available spin polarization of electron 
beam was limited to be below 50%. Many attempts were made in 1980's by developing 
the new material semiconductor which has no degeneracy between hh and Ih bands 
at r point. The candidates were (1) superlattice, (2) GaAs strained by the external 
compression and (3) chalcopyrites, but no better results than GaAs were obtained. 

The break-throughs occurred recently, in the spring of 1991. We achieved polariza
tions of 71% and 86% by developing the newly designed photocathodes, GaAs-AlGaAs 
superlattice [2] and lattice-mismatched strained GaAs [3], respectively. The ESP of 71% 
by strained InGaAs was also reported by SLAC group at the same time [4j. At present, 
the strained GaAs photocathode is considered most promising among them due to its 
higher ESP and also better quantum efficiency (QE). By strained GaAs photocath
ode, the QE more than 0.1% was already achieved with the polarization higher than 
80% by us [5J. Nearly same results were reported by other several groups, SLAC [6], 
ETH(Ziirich) and Illinois/CEBAF, using the similar samples of strained GaAs. Fur
ther studies to improve the photocathode performances of strained GaAs and also su
perlattice are continued by us and some recent results are described in the following 
subsections of 2.1 and 2.2. 
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2.1 Strained GaAs photocathode 

This type of photocathode was made by growing a GaAs epilayer on a lattice mis
matched GaP^Asi-! buffer substrate by a MOCVD apparatus. The structure of pre
pared samples is rather simple as shown in Table 1. The stress for the GaAs epilayer 
is introduced by the lattice mismatch with the substrate. Since the lattice constant of 
( !aP I As|_ I is smaller than that of GaAs, biaxial in-plane compression is induced and 
it results in the tensile strain to GaAs layer along the growth direction. The general 
criteria for designing were given in ref. [3]. In fig. 3, the ESP and QE observed for 
the first successful strained GaAs photocathode are plotted as a function of laser wave
length. The QE increases in two steps. The first(second) rise begins at the threshold 
energy of interband excitation from the GaAsfGaP^Asi-*) layer. The clear peak of 
ESP at A a 860»ni is the evidence of the single excitation from the upper hh-band of 
the strained GaAs. Due to additional contributions from the lower lh-band, the ESP 
decreases to the shoulder(~ 46%) at A w SOOnm. The further drops below A w 780nm 
is caused by the electrons excited from valence band of the GaPxAs]^ buffer layer. By 
this sample, the world highest ESP of 86% was achieved and one of the challenging 
problems in this field was settled, in principle, at that time. 

However, there still remained another problem, the relatively poor QE for the new 
cathodes. For example, the QE was ~ 2 x 10~* for the above sample at A « 860nnj, 
where 86% was observed, while the QE more than a few % is possible for that of bulk 
GaAs. The QE limitation of the strained GaAs photocathode comes from two reasons, 

(i) For the new cathodes, only the single excitation from hh(lh) band is allowed for 
obtaining the highest ESP. Thus, the electrons are excited from the very low density 
of state near the band edge, resulting in low photocurrent density. This may slightly 
improved by making the large energy splitting between hh and lh bands by the increase 
of strain. 

(ii) The photon absorption length inside GaAs is longer than 1/im and a GaAs 
epilayer with sucli thickness is required for high QE like the bulk GaAs. However, 
it is difficult to make such a thick epilayer with large strain, because micro-cracks or 
dislocations arise and cause the relaxation of the strain. Thus, the available thickness 
of GaAs epilayer is restricted to be (0.1 ~ 0.3) fim, which results also in low QE. 

For more detailed treatment of above problem, we give the notations and definitions 
of important quantities and/or formula related to the strain phenomenon, 

H-l 



1. x : the fraction of phosphorous in GaPjAsi-^ 

2. t : the thickness of GaAs epilayer 

3. a : the lattice constant of unstrained GaAs 

4. ao : the lattice constant of unstrained GaPjAsi-* 

5. £ : the lattice mismatch between GaAs and GaPjAsi-!, which is defined 
and estimated at room temperature as 

e = ^ ^ - = 0.03571 

6. a.|| : the lattice constant of strained GaAs , parallel to the interface, 
which is measured by X ray diffraction analysis 

7. eR : the residual strain which is defined as 

_ an-a 
£j) = 

a 
S. ie : the critical thickness for coherent growth, which is evaluated by 

Matthews' formula [7], as 

0.224., , , tc ., .... , € * _ [ 1 +/„(_)] (A) 

9. S, : the energy splitting between hh and Hi bands which is estimated as 

S , « 6 . 5 E „ (eV) 

For approaching the QE problem, we must have the following two experimental data, 
[I] Dependence of the polarization on the residual strain in GaAs epilayer 
[II] Correlation between residual strain, lattice mismatch and GaAs epilayer thick

ness 
In order to take such data, we made eight samples of photocathode with different (x, 
t) parameters. The various strain parameters and quantities for each sample are sum
marized in table 2, where the measured ESP and QE are also given [5J. The X ray 
diffraction analysis was made for determination of strained lattice constant and typical 
pattern is shown in fig. 4, which was taken for # 1 sample in table 2. 



Concerning [II], we made a two dimensional plot of ER/E and t/< c using the data of 
whole samples, as shown in fig. 5. The attached number to each data point corresponds 
to the sample number in table 2. In spite that each sample had a different combination 
of (x, t), there seems to be the clear correlation between ER /E and t / / e , which was 
firstly inspected by us. This curve turned out to be very useful from the following view 
point. 

(1) It is helpful for designing the cathode with a desired ER, since the possible 
combination of (x, t) are restricted by this correlation curve. 

(2) It provides a kind of measure for the quality of strained crystal, since the gradient 
of the decay curve of strain must be governed by the mechanism of strain relaxation 
inside the epilayer. 
It is also shown from fig. 5 that the release of strain occurs partially in the epilayer, 
remaining more than ~ 50% strain up to the thickness of tens of tc. 

Concerning [I], the maximum ESP attained by each sample was plotted in fig. 6, 
as a function of its residual strain. There, the upper axis of abscissas indicates the 
residual strain and lower one does the corresponding band splitting. The attached 
numbers also correspond to the sample numbers in table 2. Such a strain dependence 
was firstly observed by us using the direct ESP measurement for the extracted electrons 
from conduction band. Previously, there existed one data, but it was derived from the 
circular polarization measurements of recombination photoluminescence from the GaAs 
st rained by external compression [8]. As shown in fig. 6, the ESP has a clear dependence 
on the strain, especially for the region of small band splitting. For region of larger band 
splitting, the increase of ESP seems to be stopped at the level of ~ 90%. 

On the contrary of such a data, the theory predicts as P/,k = ~ 100% (Pih — 100%) for 
photoelectrons exited from the top of hh (lh) band to conduction band [9]. At present, 
the discrepancy between theory and experiment is not yet clearly understood by us. 
However, some speculations can be made for interpretation of the experimental data. 
Concerning the gap of ESP between 100% and observed one of ~ 90%, the effect of 
band-mixing between hh and lh bands for the electrons with momentum it ^ 0 must 
be taken into account. The effect of band tails for the band-edge absorption must also 
he considered, which would smear out the small band splitting and cause the decrease 
of ESP. The magnitude of the band fluctuation would depend on the temperature of 
cathode, the p-doping density, the number of defects and so on. Thus, the ESP data 
taken from the photocathode with different parameters or that taken under different 
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conditions would be helpful for further quantitative discussions. 

As a conclusion of this subsection, the photocathode with the ESP higher than 80% 
and the QE more than 0.1% was already developed by us [5]. In order to obtain the 
much higher QE than 0.1%, trials based on the new device seems to be required. 

2.2 AlGaAs-GaAs superlattice 

Due to the quantum size effect, the degeneracy between hh and lh bands is also 
lifted in the superlattice (SL). The past experimental results, however, didn't exceed 
the 50% limit and it was attributed to the depolarization due to the multi-collisions 
with potential barriers before electrons can escape to the vacuum. This depolarization 
should be much reduced by the use of thinner layers for the potential barrier and also 
by the SL with smaller number of potential barriers than those of previously used. 
Guided by this idea [10], we began to develop the SL photocathode from the beginning 
of 1990. Three kinds of experimental data were considered to be required at least for 
understanding the properties of SL cathode, those were the polarization dependences 
on (i), band splitting, (ii), SL thickness and (iii), p-doping density. 

More than ten samples were already fabricated by a MBE apparatus and examined 
for this purpose. As results, following facts were revealed by our data. 

Concerning (i), it is suggested that the band splitting must be larger than ~ 40 me' / 
for obtaining the ESP much higher than £0% [11]. 

Concerning (ii), three samples with the SL thickness of 0.4, 0.1, 0.05/im were made, 
whose structure is shown in table 3. The measured polarization as a function of laser 
wavelength are shown in fig. 7(a)~7(c)]. The maximum polarization attained by each 
sample are summarized in table 4, and plotted in fig. 8 as a function of SL thickness 
[12], The significant ESP dependence on the SL thickness in fig. 8, confirmed that the 
depolarization process inside the SL makes really a dominant role to degrade the ESP 
of conduction electron before it can escape to the vacuum. 

Concerning (iii), an interesting data was obtained by the sample with p-doping 
density of ~ 5 x \0''/cm3 which is lower by one order than above stated samples . The 
maximum ESP increased up to ~ 75% which was higher by ~ 5% than that obtained 
by same sample except the p-doping density, as shown also in fig. 7(d) and plotted in 
fig. 8. 



As like as strained GaAs photocathode, there again exists the ESP gap between the 
theoretical one (100%) and the observed one (~ 75%). The reasons are also not yet 
fully understood by us, although we think that some parts are caused by the proper 
depolarization mechanism inherent to the SL structure, but some parts caused by a 
common mechanism working also for the strained GaAs photocathode. 

The QE obtained by the SL photocathode was typically 0.01% at the wavelength 
which gave the maximum ESP. Thus, it is also an important subject to find the new 
device to increase the QE by one order of magnitude at least. We already obtained 
some interesting data which suggested that the delicate structure of SL surface has the 
significant influence to a feature of ESP excitation curve and thus to QE at wavelengh 
of the ESP maximum. 

Anyway, we think the performance of the SL photocathode can be further improved 
and continue the test of new samples. 

3. Construction of the operational PES 

Although the GaAs-PES was already operated at several laboratories for high energy 
physics experiments, the level of required performances by an e + e~ linear collider is much 
higher than those of previously achieved. It is especially true for both performances of 
high-voltage and photoeathode under high power laser irradiation. 

As the first example, if we assume the source must put out 1 0 n electrons in the 2 ns 
pulse, a peak current of ~ 10/1, the extraction high voltage of ~ 160 KV is necessary 
to produce the space charge limited current for the electrode perveance of ~ 0.16 x 1 0 - 6 

[13]. Such a high-voltage performance is not easily obtained, since the Cs atoms is 
introduced into the gun for making a NEA surface. They are sprayed not only on 
to the GaAs but also to the electrodes and they become the seeds which trigger the 
high-voltage break down. 

As the second example, the peak laser power of ~ 100 KW must be absorbed by 
a strained GaAs photocathode to produce 10" electrons in the 2ns pulse, if the QE 
=: 10 - 4 is assumed. Under such hard irradiation, it seems difficult to avoid not only the 
QE deterioration, but also the deterioration of cathode due to the burning phenomenon 
[14]. 

There exists no experience for the PES operation under such severe condition. Stim
ulating studies seem indispensable for getting a new device to overcome the above two 
difficulties. 



For such purpose, the proto-type guns have been constructed both at KEK and 

Nagoya university. The PES system build a t KEK is shown in fig. 9, where the com

ponent of the ESP measuring system, a Wien filter and Mot t analyzer is also included. 

I lie gun s t ruc ture is nearly same as those used at SLAC and o ther laboratories, but a 

new device is employed for the cesiation procedure. For avoiding the Cs spraying on to 

the electrode near a GaAs photoca thode . lhe crystal holder is drown upward by ~ 5cm 

by a bellow manipula tor and cesiation of the G a A s surface is done in a suppor t ing tube 

(a corn for KEK gun) of ca thode electrode. T h e used source is a commercially available 

C's dispenser which is inserted to the position for cesiation through a side hole on the 

tiilie by a manipulator . 

T h e mechanical construction was already completed and the initial phase of test 

operat ion is in progress. The vacuum performance has no problem and the base pressure 

of 2 x 1 0 " 1 0 m m l f g was at ta ined. The initial high voltage performance up to 100 KV 

was good with no dark current . T h e photocurrent was extracted through a beam line 

to the Mott analyzer and the test for pi iotocathode performance will soon s ta r t . 

Although the initial test will be done with a modera te high-voltage of 100 KV and a 

small power l le-Ne laser system, we are planning to opera te the gun with the up-graded 

high-voltage and laser system which meet the conditions required by the J L C injection 

linac. 

T h e first acceleration of polarized electrons will be done within (2 ~ 3) years by the 

A'FF (Accelerator Test Facility) machine which is under construct ion. 

R e f e r e n c e s 

[1] M. E. IVskin, SLAC Report No. 328 (1987) 1-46 

M.L Swartz, ibd, 83-132 

T. Omori, Y. Kurihara , Y. Sugimoto, S. Terada, Y. Fujii 

KEK proceedings (for 2nd J L C workshop) 91-10(1991)315-322 

[2] T . Omori , Y. Kurihara, T. Nakanishi, If. Aoyagi, T . Baba, T . Furuya, 

K. Itoga, M. Mizuta, S. Nakamura. Y. Takeuchi, M. Tsuba t a , and 

M. Yoshioka, Pliys. Rev. Lett. 67(1991)3294-97 

[3] T. Nakanishi, H. Aoyagi, II. Horinaka, Y. Kamiya, T . Kato , 

S. Nakamura, T. Saka and M. Tsuba ta . Pliys. Let t . A158 (1991) 345-349. 

T. Nakanishi, S. Nakamura, H. Aoyagi, S. Okumi, N. Horikawa, 



H. Uorinaka, Y. Kamiya, T. Kato and T. Saka, Nagoya University 
preprint, DPNU-90-16 (May, 1990) (unpublished). 

[4] T. Maruyama, E. L. Garwin, R. Prepost, G. H. Zapalac, J. S. Smith 
and J. D. Walker, Phys. Rev. Lett. 66(1991)2376. 

[5] H. Aoyagi, H. Horinaka, Y. Kamiya, T. Kosugoh, T. Kato, 
S. Nakamura, T. Nakanishi, S. Okumi, T. Saka, M.Tawada, M. Tsubata, 
Nagoya University preprint, DPNU-92-13, accepted to Phys. Lett. A 

[6] T. Maruyama, E. L. Garwin, R. Prepost, G. H. Zapalac, SLAC-PUB-
5731, WISC-EX-92-322 

[7] J. W. Matthews and A. E. Blakeslee, J. Cryst. Growth 27(1974) 118-125 
[8] P. Zorabedian, Stanford Linear Accelerator Center Report-248(1982) 
[9] M. I. D'yakonov and V. I. PereP, Sov. Phys. JETP 33(1971) 1053-1059 

B. P. Zakharchenya, D. N. Mirlin, V. I. Perel' and I. I. Resina, Sov. Phys. 
Usp. 25(1982)143-166 

[10) Y. Kuriliara, T. Omori, Y. Takeuchi, M. Yoshioka, T. Baba, M. Mizuta, 
KEK preprint 90-77 

[II] T. Nakanishi and S. Nakamura, Proc.9th Int. Symp. on High energy 
spin physics, 6-7 September, Bonn(1990), eds., K. H. AlthofT and 
W. Meyer, Vol. 2, 30-34 

[12] Y.Kurihara, T. Omori, T. Nakanishi, H. Aoyagi, T. Baba, K. Itoga 
M. Mizuta, S. Nakamura, Y. Takeuchi, M. Tsubata, and M. Yoshioka, 
Nucl. lustrum. Methods A313 (1992) 393-397 

[13] D.Schultz, J.Clendenin, J.Frisch, E. Hoyt, L.KIaisner M.Woods, D.Wright, 
M.Zolotorev, SLAC-PUB-5768 

[14] L. S. Cardman, Illinois University preprint, NPL-91-014. 

100 



variable parameter 
Zn-doped GaAs t = 85D-~ 3100 R 
Zn-doped Ga P x A s i - » x = 1 7 — 3 3 X 

(t»ig n) 
Zn-doped GaAS (001) 

(t =3 50 p. n) 

Table 1. : Structure of samples of strained GaAs photocathode. 
The phosphorus fraction (x) in the GaP x Asi_ x buffer substrate and the thickness 
(t) of GaAs epilayer were changed in combination with the range of x=0.13~0.33 
and t=(850 ~ 3100)A, respectively. 

sample x(%) s (%) e K(%) 5 s(meV) t c ( f l ) t(fl) BSP(S) QE(xl<)-') 

1 17 0.61 0.53 ±0.02 34 176 850 86 ~Z 
2 18 0.64 0.47 iO. 02 31 164 1400 83 ~8 
3 26 0.93 0.45 ±0.08 29 102 2200 79 ~2 
4 33 1. 18 0.37 ±0.06 24 74 2000 74 ~2 
5 13 0.46 0.34 ±0.03 22 247 3100 67 -10 
E 

7 

27 

20 

0. 97 

0.72 

0.80 ±0.02 

0.48 ±0.02 

52 

31 

97 

143 

850 

2100 

87 ~2 E 

7 

27 

20 

0. 97 

0.72 

0.80 ±0.02 

0.48 ±0.02 

52 

31 

97 

143 

850 

2100 

Table 2. : Parameters for prepared samples of strained GaAs photocathode. 
Two parameters of (x, t) were initially given in the sample design and confirmed 
afterward by measurement. The parameter of en was determined by X ray anal
ysis. Three parameters of e, S, and t c were estimated using the analysis formula 
and above parameters. The maximum ESP was measured for each sample with 
the QE. 
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Figure 1. : Band structures of GaAs-like semiconductor. 
Fig. 1(a) shows the band structure of GaAs without strain and fig. 1(b) shows that 
of GaAs with strain or superlattice. 
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Figure 2. : The band structure of GaAs near its surface. 
(a) pure p-type GaAs, (b) p-type GaAs with a cesiated surface, (c) p-type GaAs 
with a layer of CS2O on its surface. The energy level of a free electron in vacuum 
is indicated by E„ . (from ref. [14]) 
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Figure 3. : The quantum efficiency and polarization as a function of laser wavelength 
for strained GaAs photocathode 
This data was taken by the # 1 sample in table 2. 
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Figure 4. : Examples of X ray diffraction pattern taken for the # 1 sample of strained 
GaAs photocathode. 
Fig. 4(a) shows the asymmetric (224) reflection and fig. 4(b) shows that by 
the (113) plane. The broad and weak peak from the strained GaAs epilayer was 
observed apart from two significant peaks from the GaAs substrate and the GaPAs 
buffer substrate. 

1(13 



CO 

CO 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

•f 4* 
• • t + + 

5 7 + 
4 

0 10 20 

t / t c 
30 

Figure 5. : Two dimensional plot of CR( e and t / t c for strained GaAs photocathode. 
The attached number indicates the sample number. There seems to be strong cor
relation between ejt/e and t / t e i although each sample has a different combination 
of parameters of (x, t). 
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Figure 6. : Strain dependence of electron spin polarization for strained GaAs photo
cathode. 
The maximum ESP attained for each sample is plotted for its band splitting (lower 
axis of abscissas) or the residual strain (upper one), where the attached number 
to data point indicates the sample number. Both of statistical (solid line) and 
systematic (dashed line) errors are indicated for the ESP determination. 
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Figure 7. : Polarization as a function of laser wavelength for the superlattice photo-
cathode. 
The total thickness and dopant concentration are (a) 0.4 fim, ~ 5 x 10 1 8 /cm3, (b) 
0.1 fim, ~ 5x 1 0 1 8 / c m 3 , (c) 0 . 05 / im ,~5x 1 0 1 8 / c m 3 , (d) 0.1 /jm, ~ 5x 10 1 7 / cm 3 , 
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Figure 8. : Thickness dependence of polarization for the superlattice photocathode. 
The data point indicated by an open circle was obtained by a low dopant sample, 
while other three points were taken by high dopant samples. 
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Polarized Electron Source for JLC 
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Figure 9. : The operational polarized electron source for JLC. 
This system was build at KEK. Another system was also build at Nagoya Uni
versity. The tests of performance on high-voltage and photocathode under high 
power laser irradiation are scheduled using those system. 
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Laser-Cornpton Spot Size Monitor 

Tsumoru SHINTAKE 
KEK: National Laboratory for High Energy Physics 

1-1. Oho, Tsukuba-shilbaraki-ken. 305 JAPAN 

Abstract 
A new diagnostic method for measuring transverse size of electron beam by 

Compton scattering of laser beam in an interferometer has been proposed' '. A 
first model of this spot size monitor is under construction for the FFTB - SLAC 
experiment, in order to measure the electron beam size of a y at 60 nanometer 
by using Nd: YAG-laser of 1.064 \im wavelength. 

In the future e + e" linear colliders, by using shorter wavelength lasers, for 
example, 4th harmonic radiation of Nd: VAG-laser of 266 nm wavelength, it is 
possible to measure the spot size at the interaction point down to 10 nm or less 
with enough sensitivity. 

1. Introduction 

In future e +e" linear colliders of TeV region (JLC, VLEPP, NLC, CLIC, ..), 
the electron and positron beams must be focused into very small spots at the 
interaction point in order to keep good luminosity. A typical spot size of 100 nm 
horizontal by a few nm vertical, the flat beam is necessary to get a luminosity near 
lx 10 3 4 cm~ 2 s _ 1 . This spot size is much smaller than that in any conventional 
colliding machines, therefor it is one of the most important tasks to develop new 
technologies of beam diagnostics, especially a reliable spot size measurement 
system. 

In the previous papers*'-2', a new method was proposed for the measurement of 
a small spot size of a high energy electron beam by using a standing wave of laser 
beam. In this method, a high energy electron beam is injected at right angle into a 
photon target of intense laser light, and generates high energy y-rays by Compton 
scattering. Since the laser light is stored inside a cavity resonator and forms a 
standing wave, the y-ray flux shows periodic variation with the period of optical 
wavelength by scanning the electron beam trajectory along the laser beam axis. 
From this modulation depth, the transverse size of the electron beam can be easily 
determined by a simple relation. 
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The design work has been started for the first model of this type of monitor, 
aimed to install at the focus point of the FFTB ( 3 ) experiment at SLAC. During 
this design work, several practical problems have been studied and solved. 
Especially relating to the quality of laser beam, the following points were 
carefully studied. 

(1) Coherent length of Nd: YAG-laser beam, 
(2) Spatial beam profile, 
(3) Beam pointing stability. 

Among them, due to the coherency problem, we have changed the optical 
arrangement from the intra-cavity scheme to the interferometer scheme. In this 
new scheme, a laser beam is split into two beams of equal intensity by a half 
mirror, and they are focused again into an identical interaction point with some 
crossing angle. Two laser beams interfere each other, and form the comb shape 
interference fringe pattern. Since we can make the path length of two beams to be 
almost equal, the requirement for beam coherency is extensively relaxed. 
Additionally, this scheme has a big advantage of the tunability, that is, the spatial 
pitch of the interference fringes can be varied by choosing the crossing angle of 
two laser beams, and we can tune the sensitive range of the system for wide range 
of beam spot size. 

2. Principle of Measurement 

Figure 2.1 shows the schematic arrangement of the Laser-Compton spot size 
monitor. An intense laser beam is split into two beams of equal intensity by a 
beam splitter, and they are transported along two different arms, and brought into 
one identical cross-focus point: the interaction point. In the interaction point, the 
two traveling waves of laser beam, whose wavefronts are almost plane, 
overlapping each other with crossing angle of 9, generate comb-shape interference 
fringes. We inject high energy electron beam into this interference fringes from 
normal direction of laser beams. Some electron collides with laser photons, and 
generates high energy y-rays by inverse Compton scattering process. We measure 
the total flux of generated y-rays pulse-to-pulse using a y-ray detector located at 
down stream of the beam line. The electron beam is swept out by a bending 
magnet at upstream of the y-ray detector. 

When an electron passes through at the bright zone of the interference 
fringes, the electron will find out more laser photons and generates more y-rays 
than at the dark zone. Therefore, if we scan the electron trajectory perpendicular 
to the fringe, the y-ray flux shows periodic amplitude modulation. If the 
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transverse dimension of the electron bunch is much larger than the fringe pitch as 
shown in Fig. 2.2(a), the y-ray flux is averaged over multiple periods of fringes, 
then the total y-ray flux becomes an average intensity, and we do not observe 
amplitude modulation. When the electron bunch is focused and its transverse 
dimension becomes comparable size to the fringe pitch, we observe medium depth 
of amplitude modulation as Fig. 2.2(b). For a well focused beam, it will show full 
depth of modulation. Therefore, from the modulation depth measurement, we can 
determine the electron beam size. 

Assuming the laser beam has TEMoo-mode, and plane wave fronts at the 
interaction point, the y-ray flux is given by 

N 
N = -f [ l + cos2kyycos0exp[-2(kyoy)2}] (2.1) 

where ay is the electron bunch size of Gaussian distribution. ky is the vertical 
component of the wavenumber: ky - ka-sin(9l2), where Jt0 = 1itl\, and 8 is 
crossing angle of two laser beams. From eq. (2.1), the pitch (or period) of the 
fringe: the distance from a bright zone to the next bright zones is given by 

d = Yy

 = 2 sin(0/2) ( 2 - 2 ) 

And, the modulation depth is 

M = m a » ~ m i n = | Cos0 l-exp{-2(A / {7/) (2.3) 
"max """"mm ' ' 

It should be noted that even in the case of infinitely small beam ( ay —> 0 ), the 
modulation depth does not reach to 100 % due to the term I cosfl1, this is due to 
the traveling wave component in the interference fringes, which cause an uniform 
baseline shift in y-ray modulation curve. Especially, in the special case of normal 
crossing ( 9 = 90 degree, cosfl = 0 ), the modulation will disappear, therefore we 
can not use this angle. 

From eqs. (2.2) and (2.3), the electron spot size is related to the modulation 
depth of the y-ray flux by 

„ , IcosOl 
2-log-jjp (2.4) 
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A The required laser power to get 1000 y-rays per pulse for a bunch charge of 1 x 
f 10'° electrons is about 10 MW at 1 (im wavelength. This amount of laser power is 
| easily available by commercially provided Q-switch pulsed Nd:YAG-laser system. 

The detailed discussions on principle of measurement, for the special case of 
standing wave (8 = 180 deg.) and the calculations of collision cross section are 
given in ref. 1. 

3. Laser Optics Design 

In the FFTB-SLAC experiment, an electron beam must be focused into 
small flat spot of 60 nm vertical by 1 \un horizontal sizes. We are designing a 
first model of the Laser-Compton Spot Size monitor for this experiment. 

3.1 System overview 
Figure 3.1 shows overview of the interferometer system. Every optical 

components will be mounted on an optical table of 1.8 m by 1.6 m, which is 
mounted on a dynamically stabilized support table specially designed for the final 
Q-magnets. The laser system will be located in a clean room outside of the 
accelerator tunnel, and the laser beam will be transported through a vacuum pipe 
of 20 m distance. At the entrance of the interferometer, the position of the laser 
beam is monitored, its position signal is sent to the laser system, and used for 
feedback signal to control a mirror at the exit of the laser oscillator. By this 
feedback loop, the laser position at the interferometer will be kept within ± 0.5 
mm error. In the interferometer, the laser beam is split into six beams, and 
injected into vacuum interaction chamber through lenses and windows, and 
focused at the interaction point. The Y-rays will be measured by a calorimeter 
located at down stream of the beam line. 

3.2 Interferometer arrangement 
In order to measure the vertical beam for over wide range, and also to 

measure the horizontal beam size of a few u.m range, six laser beam lines will be 
prepared. By using mechanical shutters, we can select the operating modes as 
shown in Fig. 3.2. The beam size responses for these modes are plotted in Fig. 
3.3. The system has the sensitivity from 1 pxn down to 40 nm for vertical, and 4 
prn down to 0.7 u,m for horizontal. 

A special pair of mirrors just after the beam splitter, effects as like a penta 
prisms, bents the beam direction 90 degree without reversing its image polarity. 
This is very important to relax the beam alignment tolerance as described below. 



3.3 Laser system 
In order to measure the vertical spot size of 60 nm with enough sensitivity, 

we chose the 1 st harmonic radiation of the Nd: YAG-laser at the wavelengdi of 
1.064 urn. The Nd: YAG-laser, model GCR-3 produced by Spectra Physics Inc. 
has been delivered, whose specifications are summarized in Table-1. 

Generally, the power density distribution (spatial beam profile) of the output 
beam from a high power Nd: YAG-laser shows large spatial fluctuation of high 
spatial frequencies. Such high frequency (short wavelength) components are 
generated by interference of parasitic wave components and main beam. These 
parasite waves are mainly diffraction waves generated by Gasussian tail by 
intercepting the edge of the YAG laser rod. In our spot size monitor, smooth 
beam profile is required for accurate measurement. In order to improve the 
special profile, a smaller curvature of mirror was chosen in the oscillator section, 
which makes the laser beam diameter smaller and reduces the beam interception at 
the edge of YAG rod. 

Table -1 Specifications of Nd: YAG-laser System 

Wavelength 1.064 um 
Pulse Energy 600 ml 
Pulse width 8 - 9 nsec 
Energy Stability 1 % 
Repetition Frequency 10 pps optimum. 
Spatial Beam Profile > 85 % Gaussian fit. 
Line Width( with Injection Seeding) < 0.003 cm"1 

Beam Pointing Stability < 100 urad/hour 

3.4 Laser spot size 
Because the vertical beta-function /Jy* of electron beam at the final focus point 

in FFTB is only 100 Jim. In order to measure the minimum spot size precisely, we 
must focus the laser beam into a small spot whose diameter is less than a few times 
of beta-function. We chose the laser beam spot 200 urn in diameter. 

3.5 Damage threshold 
In order to prevent the optical components from high power damages, we use 

long focus lense of/500 mm. The laser beam sizes on every optical components 
slay 3 - 7 mm in diameter, and power density 0.1 - 0.5 GW/cm2, which is well 
below the damage threshold of 5 GW/cm2 of dielectric optical coating on mirrors. 
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3.6 Longitudinal mode of the laser 
In principle, in the interferometer, it is possible to choose the path difference 

between two laser beams to be zero. However, as shown in Fig. 3.2, in the real 
system there are path differences order of 5 to 10 cm. The natural width of 
spectral line of Nd:YAG-laser is about 1 c m . Therefore the path difference is 
longer than the coherent length defined by natural line width of YAG-laser beam, 
and the interference fringe pattern will be broken. 

The required line width to get good interfere "a fringe (visibility > 95%) is 
0.01 cm"'. The seeding injection laser technique can reduce the line width of 
YAG-laser below 0.003 cm - 1 . 

The seeding laser also improves the temporal wave-form of output pulse. 
The natural waveform of the output power from Q-switched YAG-laser shows 
high frequency spikes. This is due to overlapping of many longitudinal modes 
inside the laser resonator. The seeding laser limits longitudinal mode to a single 
mode, and makes the temporal profile to a smooth waveform (Fourier limited 
waveform). Because the pulse width of laser is 8 - 9 nsec and the timing jitter 
from Q-switch trigger to the light pulse is 1 nsec, the intensity fluctuations at the 
beam timing is expected to be negrigibly small. 

3.7 La~er beam transport system 
In order to prevent the laser system from radiation damage and also to 

easily access it for maintenance, the laser oscillator will be installed in a clean 
room outside the linac tunnel, and the laser beam will be transported though a 
vacuum pipe for 20 m distance. The clean room and laser transport system is 
under design and costruction in SLAC. 

3.8 Alignment 
Position of the zero phase plane (center of the dark zone) in the interference 

fringe is determined by the path difference measured from the surface of the beam 
splitter. The beam pointing instability of laser system, or vibration of some 
optical components in the transport line, only cause transverse displacement of 
power envelop at the focus point, but do not change the fine structure of the 
interference fringes. That is, while every optical components in the 
interferometer are kept stable, the fine structure of the interference fringe is 
stable in spite of external fluctuations. Therefore, it is very important to mount 
every optical components on a common rigid optical table. 

In our beam size measurement, we do not need any information on the 
absolute electron beam position, we only need to measure the relative intensity 
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variation of y-ray flux by moving the electron beam crossing the interference 
fringes. Generally, the temperature of the optical table changes slowly, during the 
measurement of beam size, the interference fringe will stay at the same position 
and the temperature change will not disturb the beam size measurement. Only the 
mechanical vibration of mirrors causes measurement error. We must reduce the 
mechanical vibration of mirrors below X/20 ( 5 run ). This requirement can be 
achieved by using an optical table containing oscillation damper inside its body, 
and mounting it on massive bench of the final Q-magnet. 

The jitter tolerance for laser beam spot at the interaction point is 15 ^m for 
x and z-directions. This corresponds to the jitter tolerance for the laser system: 
pointing pulse-to-pulse jitter < 30 jirad, and beam center jitter < 0.6 mm. In the 
primary test of the laser system, observed short period ( 1 sec ) pulse-to-pulse 
jitter was about 10 (trad. 

However, due to the thermal stress on the YAO-rod, larger pointing 
instability as high as 100 urad is expected, so that we conclude to implement the 
feedback loop to keep the laser position within 0.6 mm at the interferometer 
entrance. Because the observed short period fluctuation of laser pointing is less 
than 10 pxad, it is enough for the feedback loop to have the response time order of 
1 sec. 
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4. Measurement Accuracy Consideration 

The accuracy of measurement of the beam size is a combination of multiple 
sources of errors that must be carefully considered. The expected accuracy of our 
system, for a Gaussian electron beam of 60 nm vertical beam size, are summarized 
in Table-2. 

Table - 2. Error Sources and Expected Accuracy 

Error Sources Expected Measurement Error 

Statistical Error on y-ray Measurement 
300-103 Y-ray/pulse 
30 - 100 data points in one measurement < ± 3 % 

Electron Beam 
Position Jitter o}<20nm small 
Injection angle error 0,- < 0.2 mrad < + 2.0% 

Laser Beam Spot at Interaction Point 
Finite Spot Size Effect ( D 200 urn ) ( + 14 %)*2 

Relative Intensity Imbalance in Pair Beams 
< ± 5 % < + 3.2 % 

Misalignment 
Ax < 15 pm < 4 % 

Laser Beam Quality 
Coherency line width < 0.003 cm"1 < 10"2 % 
Pulse Power Fluctuation 5 % small*3 

Beam Pointing Jitter < 30 juad small*4 

(cause 15pm position jitter at focus point, this jitter 
does not break the interference fringe ) 

Total Accuracy +12%, - 3 % 

* 1. Does not affect on modulation amplitude. 
*2. Can be eliminated by using correction factor. 
*3. Normalize by real-time pulse power monitoring. 
*4. Can be eliminated by numerical averaging. 
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if 5. Conclusions 
t 
* The design work is now continuing. We will complete the construction of 

the system until the next spring, and start the beam test in FFTB at April 1993. In 
; the future linear collider, this system will be installed at the collision point, and 

utilized for measurement of beam size of nm range for tuning of the final focus 
beam line. 

The features of this new method are summarized below. 
(1) Reliable. Because its operating mechanism is quite simple, and the 

measured data are directly related to the electron spot size by a simple relation. 
(2) No problems related to the electron beam power and the high space 

charge field. The interaction is non destructive, and materials, such as, a wire or 
a foil, etc., are not necessary. We can focus the laser beam from long distance, 
where we can put optical components of window, mirror, etc. 

(3) Ultra-small spot size measurement is possible. If we use 4th harmonic 
radiation ( 266 nm wavelength ) of Nd: YAG-laser, which is available from 
commercially available laser system, we can measure 10 nm spot size with enough 
sensitivity. 

(4) Eminance measurement is also possible. By measuring area of the y-
ray distribution on Y"ray detector which is located downstream, we can determine 

I the electron beam divergence at the interaction point, because the y-rays are 
radiated in the direction of electron momentum. With combining the spot size 
measurement, we can completely determine the phase space informations (a, <f) at 
the interaction point. 
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Beam Polarization Monitor by Laser-Compton Scattering 

Tsunehiko Omori 

KRK. National Laboratory for High Energy Physics, Oho 1-1, Tsukuba-shi, Ibaraki-ken, 305 Japan 

Abstract 

Monitoring of beam polarization at the interaction point of JLC is discussed. A 
conceptual design is presented for the device which has combined function to measure 
both beam size and beam polarization at the interaction point by Laser-Compton 
scattering. The reason why we need to measure the beam polarization at the interaction 
point is also discussed. 

I. Introduction 

For experiments using longitudinal polarized beam in future liner colliders, an 
accurate monitoring of beam polarization is as important as a high polarization source, 
because the systematic uncertainty of the experiments highly depends on an accuracy of 
polarization monitoring. 

In a first order approximation, the polarization of electron at injection can be 
maintained and manipulated as they travel to the interaction point in a liner collider. 
This is the reason why a linear collider with high polarized electron gun is a powerful 
tool to perform experiments which has specific initial spin state. In an actual linear 
collider, however, there will be many effects which cause depolarization of electrons. 
For example following components in a liner collider may affect on the polarization; 
dipole and quadrapole magnets in a dumping ring, quadrapole magnets in a Iinac and a 
final focus system, and spin rotators located at before and after the dumping ring. 
Finally, interaction between an electron beam and a positron beam at interaction point 
may cause the depolarization of electron beam. All of those are expected to cause only 
small depolarization. However sum of all effects will cause depolarization of a few to 
several percent. Therefore it is required to measure polarization of a beam at or at least 

This report is written based on the talk at the 3rd JLC Workshop, and includes progress 
since the Workshop. 
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near the interaction point. Especially for TeV linear colliders, since there will be a few 
to several percent of depolarization caused by beam-beam effect'1', it is better to 
measure beam polarization at down stream of the interaction point with colliding. 
Beam polarization monitor by Laser-Compton scattering is suitable to meet above 
requirements, because it require no target material at/near the interaction point. 
Moreover this method has large analyzing power when beam energy is higher than 
dozens of GeV. 

Measuring beam polarization by Laser-Compton scattering is an old idea. There 
were many experiences for ring accelerators121, and now a compton polarimeter is under 
preparation for SLC , , , < ( , > which is the only existing linear collider. In this report, we 
mainly discuss the points which we should consider in application of Compton 
polarimeter in TeV linear colliders. 

2. Cross Section and Kinematics of Compton Scattering'4' 

Basic idea of polarization measurement by Laser-Compton scattering is shown in 
figurer 1. In collision of a longitudinal polarized electron beam and a circular polarized 
laser beam, total cross section and angular distribution of scattered photons (electrons) 
depend on whether the incident electron spin is parallel or antiparallel to the spin of the 
incident photon. Change of angular distribution is significant in the frame at rest with 
the incident electron (here after we call electron rest frame), and it cause the change of 
energy distribution in a laboratory frame by large Lorentz boost. The well-knowen 
Klein-Nishina equation is formulated in the electron rest frame. The Z-axis is chosen 
along the direction of incoming photons (incoming photons go to positive direction of 
the Z-axis). and firstly we consider the case which the spin of the electron lies on the Z-
axis (figure 2a). There are three choice as follows when we measure the polarization; 
the first is to detect scattered photons, the second is to detect scattered electrons, and the 
third is to detect both of them. In most part of this report we will discuss the first case. 
The reason will be presented in section 6.2. In this section (and also in section 5) the 
differential cross section is formulated as a function of angle (or energy) of the scattered 
photon. The differential cross section for number of scattered photons into unit solid 
angle (dQ) in this frame is described as follows, 

do d o o d a i 
— = — - + p — - en 
dO diJ - ' v a n {l> 

where dc Alii and do"VdQ are spin independent and spin dependent part of differential 

cross section respectively: 
' 



do\, r - j T ^ W E , E , 
dU " 2 E, E„ E (2) 

do , r , ' , / E , l 7 E , E 
7 i i r = - T [ - E ; J ( - E T - " E 7 l - ' o s e (3) 

Where 6 is a polar angle of scattered photon as shown in figure 2 (8=0 correspond the 
direction of incident photon). Since we assume the spin of the electron lies on the Z-
axis. there is no azimuthal angle (<)>) dependence of the differential cross section. In the 
equation (1). the + (-) sign is chosen for the case of the spin of the electron parallel 
(antiparallel) to positive direction of the Z-axis. The P is degree of circular 
polarization of incident photon beam, and P =+1 (-1) corresponds angular momentum 
+h (h) in the direction of propagation. The r 0 is classical electron radius (r0

: 2=7.94xl0 -

2 f , cm'). The E f and E 2 are energy of incident and scattered photon respectively. Here 
E, is not independent parameter, and is calculated by a following equation from Ej and 
9. where m is mass of an electron, 

' 2 m c + (1 - c o s 6 ) E , (4) 

Equations (1 )-(4) tell m that when the spin of electron and the spin of incident photon is 
parallel (total spin equal to be 3/2) angular distribution of scattered photons is rather 
collimated in both backward and forward (figure 3a and b). On the other hand, when 
the spin of electron and the spin of incident photon is antiparallel (total spin equal to be 
1/2) angular distribution of scattered photons is relatively spherical (figure 3a and b). 
Next we change the viewpoint to the laboratory frame. Firstly we discuss the case of 
complete head-on-collision. We choose X L-, YL-, and ZL-axis of the laboratory frame 
parallel to X-.Y-, and Z-axis of electron rest frame (figure 2b). Since the electron beam 
is longitudinally polarized, the electron beam goes on ZL-axis. We choose the direction 
of the electron beam (energy=ER) to the negative direction of ZL-axis, thus it collide 
head-on with the laser beam (energy=E | |) which goes the positive direction on ZL-axis. 
In laboratory frame, it is hard to measure the difference of angular distribution because 
of large l.orentz boost. When scattered photons are Lorentz-transformed, the difference 
of angular distribution in electron rest frame is observed as the difference of energy (Es) 
distribution of scattered photons in the laboratory frame. The differential cross section 
for number of photons into unit scattering energy is calculated to be following, 

do ^la _dQ_ 
dE, i f f i ' d E , p ) 

dH (m e + E I ) ( E I Y H | J B m ( , + E I E s ) - ( E s m e + E | E s - E I y B m ( , ) E ! 

-r=- = - 2n j (6) 
d f c s ( E l Y B P B m c + E ,E s ) 
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where. 
= E B / m c 

PB 
-Jyl - 1 

PB yR 

= T B E O ( I - PB> 

(7) 

( p B = - l , w h e n E B > l G e V ) (8) 

(9) 
YBni.E^l + PgCose) E s m e + E 1 E s - E 1 y B m e 

E ' = m c + ( l - c o s e ) E , _ a n d C O s 6 - E , Y B p B m c + E 1 E s < 1 0 ) 

The relatively collimated distribution (in the electron rest frame) of spin-parallel-case 
makes a peak at the endpoint of the spectrum (figure 3c). On the other hand, the 
relatively spherical distribution in the spin-antiparallel-case makes rather flat 
distribution of E s (figure 3c). The maximum and minimum energy of scattered photon 
are calculated as follows. 

n s:min = E„ ( U ) 

YBmcE„(l-PB)2 

E ^ = , n 0 + 2 r B E ( , ( , - P B , <"> 

To introduce P . the degree of longitudinal polarization of incident electron beam, we 
modify equation (1). Here PL.=+1 (-1) correspond to the spin of the electron parallel 
(antiparallel) to the direction of moving. Since we choose the direction of electron 
moving to negative of ZL-axis, the case of the spin of the electron parallel (antiparallel) 
to positive direction of the Z-axis corresponds Pc=-1 (+1). Then we get a following 
equation, 

da dau d a l — = - - P P civ dil diJ ' c d f i O 

3. The Position of Monitoring 

As discussed in the introduction, measuring the polarization of the beam after 
passing through all depolarization effect is required. This means we should measure 
polarization at downstream of the interaction point. The question is that how close to 
the interaction point we should locate the point of polarization monitoring. Should it be 
located at (or very close to) the interaction point? This requires to install (a part of) 
monitoring device inside the detector for physics study. Or is it good to measure at the 
point far downstream from the interaction point, outside the detector for physics study? 
To answer this question, we should consider the interaction between an outgoing 
electron beam and the quadrapole magnets for a positron beam. Since the future linear 
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colliders will have small crossing angle (a few to ten milliradian) between an electron 
beam and a positron beam at the interaction point, the outgoing electron beam pass 
through the off center of quadrapole magnets for the positron beam'5-1. This will cause 
additional and non negligible depolarization (figure 4) of the electron beam after the 
interaction point 1 6 1. For the final quadrapole magnets two types of candidates are 
considered: one is the electromagnet and the other is the permanentmagnet. If we 
choose the electromagnet for the final quadrapoles, the depolarization effect can be 
avoided by turning off the quadrapoles for the positron side. However this choice 
prevent the opportunity to measure the depolarization by the beam-beam effect. If we 
choose the permanentmagnets, there is no way to avoid the depolarization by the the 
quadrapoles for the positron side. Therefore in this report we pursue to measure the 
polarization at the interaction point, even it is anticipated that the installation of the 
monitoring device inside the detector for physics study is not easy. 

4. Combining Beam Polarization Monitor with Beam Size Monitor 

It is proposed by T.Shintake'7' to measure the beam size at the interaction point by 
Compton scattering of interfering two laser beams which cross the electron (positron) 
beam (figure 5(a)). Since the configuration of this device is similar to that required for 
the polarization monitor, we think it is reasonable to combine the polarization monitor 
with the beam size monitor. For monitoring of beam size, the crossing angle of 90 
degree is required between laser beams and an electron (positron) beam. Therefore 
combining two monitor requires that for the polarization measurement the crossing 
angle of 90-degree should also be used. Figure 5(b) shows the polarization 
measurement in this configuration. By comparing figure (a) and (b), we can know that 
combining the polarization monitor with beam size monitor is easily realized by 
introducing the interchanging mechanism of the beam splitter to the Pockel's Cell. 

5. Consideration for Non Head-on-Collision 

Since we assume extremely large crossing angle between the laser beam and the 
electron beam to combine the polarization monitor to the beam size monitor, we extend 
discussion in the section 4 to the case of non head-on-collision. We define, in 
laboratory frame, the crossing angle 9 between the electron beam and the laser beam 

as shown in figure 6b. Here we choose the direction of electron moving to be along the 
ZL-axis to it's negative direction, so laser beam is not along the ZL-axis. In the electron 
rest frame, direction of incoming photons in the laser beam has the angle V to the Z-
axis of the electron rest frame, where *V is calculated to be 
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sin 6.. 
tan 4' Y „ ( - P B + c o s e x ) (13) 

Here we introduce another frame, rotated electron rest frame ( X R , Y R . Z R ) , which is 
also at rest with the incident electron but the direction of ZR-axis is chosen to be along 
the direction of incoming photons (figure 6a). In this rotated frame, angular 
distribution of scattering photons is described as follows. 

da d o o n n f d o i ,„ , d a 2 _ P y P l - o s 4 , + ^ s i n M , d£2R d i2 K ' ^ d Q R d Q R ' J (14) 

where do /d£2 and d0 /d£i are spin independent and spin dependent (with no 

azimuthal angle dependence) part of the cross section, which are obtained by replacing 
6 in equation (2) and (3) by 9 . The d0,/d42 is a spin dependent part with azimuthal 

angle (Q I dependence. 

da, ^ ( ' M Y Ei\ 
dn7 = - T [ R 7 j ( , - E ; } , i n e R c o s * R ( , 5 ) 

Since we are discussing the case of non head-on-collision, E, is calculated by following 
equation instead of using equation (9). 

' ^ V ' ^ ' - I V ^ V . (16) 
When ER is grater than lGeV. f=U. <t>=<|> , and 9=0 R ' S good approximation even for 

0 =90". as we know from equations (7), (8), and (13). Then the contribution of 

azimuthal-angle-dependem part, (dojdii )sinH>, is very small. Moreover if we 

average over whole azimuthal angle (and this will happen most probably because to 
measure azimulhal angle of each y-ray is very hard), this part vanish. Therefore we 
neglect this pan hereafter. Under these conditions, the energy distribution of scattered 
photons is calculated from equations (5) and (1)', with (2)-(4), (6)-(8), (10), and (16) (in 
place of (9)). Note that P is conserved under Lorentz transformation from the 

laboratory frame to the electron rest frame for any value of the crossing angle 9 . 
It will be convenient to summarize as follows. In non head-on-collision (crossing 

angle 6 ) between a laser beam of energy E (1 and an electron beam, both energy- and 
angle- distribution of scattered photon is practically equal to those in head-on-collision 
between a laser beam of energy E„ c f f and the same electron beam (figure 7) when the 
energy of electron beam is grater than GeV and 9 is not near 180°. Here E 0 ° r f is easy 
calculated from equations (9) and (16) with P R=-1, and the result is; 

l + cos9 
E, = 5 — * • E„ 07) 
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The maximum and minimum energy of scattered photon are calculated by substituting 
l : n

c " for I:(l in equation (III and (12). Finally we define spin-"parallel"- and spin-
"aniipuj<ii!cl "-collision also for non head-on-collision, because this viewpoint is useful 
to understand the physical picture of polarization dependence of the scattering. The 
"parallel'' ( "antiparallel") is defined as the state having parallel (antiparallel) spins of an 

electron and a photon when we choose a frame at rest with the incident electron (figure 
K). Thus using P and P c . the collision having P.P,.=-1 (P y P c =l) is "parallel" 
( "antiparallcl"). 

6. Measuring the Polarization 

6.) Cross Section, Angular Distribution, and Energy Distribution 

We choose the 90 degree crossing hereafter, because it is necessary to combine the 
polarization monitor with the beam size monitor as shown in section 4, and because it 
has no problem as shown by the discussions in section 5. The energy of laser photon 
H„ is chosen to be 4.66eV (wave length: X=266nm), which corresponds the 4th 
harmonics of Nd:YAG-laser. The choice of laser energy will be discussed in section 
6.6. In table 1. followings are summarized for the cases of EB=50GeV and 500GeV; 
total cross sections of without (o ). with "parallel" (a ), and with "antiparallel" (a ) 

0 r p r ap 
polarization: energy of incident photon in the electron rest frame; the maximum energy 
of scattered photon in the laboratory frame. Figure 9 (a) and (b) show the differential 
cross sections for number of scattered photons into unit solid angle in the electron rest 
frame for IiB=50GeV and SOOGeV. respectively. The differential cross section for 
number of photons into unit scattering energy in the laboratory frame is shown in figure 
1(1 (a) and (b) for Fn=5()GeV and 5()()GeV. respectively. 

Note: As discussed in section 5. all results shown in table 1, figure 8, and figure 9 are 
practically equal to those of head-on-collision with laser beam of E()=2.33eV. 

6.2 Measure Scaltcred Photons or Scattered Electrons ? 

Next we should choose what to detect: scattered photons, scattered electrons, or 
both of them. In this report we choose to detect scattered photons instead of to detect 
scattered electrons or to detect both photons and electrons. The reason is following. In 
the collision of a laser beam and an electron beam, both scattered photons and electrons 
are highly collimated into the direction of the incident electron beam because the energy 
of electron beam is much larger than that of laser beam. Therefore beam related 
backgrounds are possible problem to measure Compton-scatterd photons and electrons. 
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Charged backgrounds can be swept out by a magnet as well as the beam itself when we 
choose to measure Compton-scattered photons. Though background photons can not be 
rejected, majority of them are low energy photons. On the other hand, as shown in 
figure 10, the high energy part of Compton-scattered photons has large polarization 
dependence. Therefore effect of the background are supposed to be small. However, 
honestly speaking, it is very hard to estimate beam related background of a TeV linear 
colliuer at this moment. Thus the choice, measuring the photons only, is just a working 
hypothesis. 

6.3 Counting Rale 

Then, we discuss the counting rate of scatteied photons. To consider the 
acceptance for the detection of scattered photons, the angular distribution (cone angle 
from the axis of the electron beam) of them in the laboratory frame are shown in figure 
1 1. Since scattered photons are highly collimated into the direction of the electron 
beam, almost 100W of scattered gammas are detected by a small y-detector located at 
somewhere on the outgoing electron line. A high field magnet in front of the y-detector 
is necessary to sweep out the outgoing electrons. We assume to use a laser which has a 
pulse width of about 2 ns. In this case single laser pulse collide with single bunch in a 
linac pulse. In this scheme the polarization of nth bunch is measurable, where n can be 
chosen by changing the phase of the trigger pulse of the laser. Number of photons 
scattered by single crossing of an electron bunch and a laser pulse is calculated as 
follows. A spot size of the laser beam at the crossing point is chosen to be 200nm, 
because this value is proper for beam size monitoring. Assuming the laser power of 
100MW. since getting this kind of laser is not so hard in today's technology, the power 
density of the laser at the crossing point becomes 

100MW , , ...is ... , 2 7 = 3 . 2 x 1 0 Watt/m'1 ng) 
JI(0. 1 mm)" 

The average photon density in a laser pulse at the crossing point is 
3.2 >: 1(>IS Watt/m 2 . , ,,.i9 1.5x10 photons/cm 3 (19) 

- "" (i 

where c is the light velocity and the E 0 is the laser-photon energy. In this calculation, 
n„ should be used instead of E ( )

c f f. Then number of scattered photon is calculated to be 
-850 and -250 for EB=50GeV and 500GeV respectively, for non polarized laser beam. 

6.4 Measure the Energy Sum of Scattered Photons 

Since scattered photons are collimated in a very small cone, as shown in figure 11, 
it is not possible to measure energy of each photon separately when a few hundreds of 
gammas are scattered in one pulse. Therefore, if we want to measure energy spectrum 

128 



of scattered photon as shown in figure 10, we should reduce laser power to less than 
1MVV to generate less than one scattered photon. However this choice makes the effect 
of beam related backgrounds relatively large, and makes the time to use measurement 
longer. Thus we choose to measure energy sum 1 8 ' of all scattered photons in a pulse 
(ZES). In this scheme we measure the 

Es:max , 

£ E" =-La 1u,rf E s3E7 d E* (20) 
where E :cutoff is the minimum delectable energy which is determined by the geometry 

E s:max , 

of the Y detector. The cone angle which gives 99.0% counting of J Es-jp—dE s 

E :min l i c ' 5 

is only 0.050 and 0.056 milliradian (0.011 and 0.010 milliradian) for spin "parallel" and 
"antiparallel" collision respectively, when E B is 50GeV (500GeV). Therefore we 
choose Es:cutoff equal to be E5:min in all of following calculation. Figure 12 shows 

j K . ^ i d E . / j E . ^ d E , (21) 

as a function of electron beam energy E B in the cases of laser energy E 0 equal to be 1.17 
and 2.33 and 4,66cV. respectively. The figure shows that by choosing E 0 equal to be 
4.33eV, reasonably large analyzing power can be achieved for both E B=50 and 500 
GeV. Figure 13 (a) and (b) show the energy sum ( Z * E S ) distribution of 1500 

in a bunch 

linac pulses for EB=5() and 5(H) GeV respectively, when we use laser power of IO0MW 
with P of -1 . 0, and +1. Assuming 150Hz operation of a linear collider, 1500 linac 
pulses corresponding only 10 seconds of the polarization measurement. When 
EB=50GeV <500GeV), the average of the energy sum is 16.4, 14.0, and 11.7 (60.8, 77.6, 
and 93.3) TeV for the polarization state of complete "parallel", non-polarized, and 
"antiparallel". respectively. Since polarity of a laser light can be reverted quickly and 
it's polarization is -100% in practical point of view, we measure the energy sum for 
both case of Py=+1 and -1 and calculate 

A ( I E S ( P Y = + I ) ) - { S E S ( P Y = - I ) ) 

{ X M P Y = +I ) ) + ( I E S ( P Y = - I ) ) 
to get the value of Pc. As shown in figure 12, | A I is 0.17 (0.21) for I P e I =1 and 
EB=50GeV (500GeV). Therefore if we want to know P c in accuracy of \%, about 0.2% 
accuracy of y detector calibration is necessary. 

6.5 Calibration 

Since the sum of energy (£E 5 ) is very high, 10-100TeV, calibration of the y 
detector is not easy. In this report, we present following method as a candidate. Since 
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number of scattering photon is proportional to the power of the laser, we can scan £E S 

in wide range by changing the laser power (laser power scan) as shown in figure 14. To 
get each point of figure 14. we measure 1500 linac pulses (10 second per each point). 
In the case of non polarized laser light, the value of £E S does not depend on the value of 
P c. It depends on following three items: electron beam energy E B , the laser power, and 
the luminosity (normalized by laser power) of the the laser-electron collision. The 
points are firstly that the laser power can be monitored high accuracy, anc secondly 
that the laser power dependence of Z E s is calculable (proportional). For the P c 

measurement, it is not necessary to know absolute value of the laser-electron 
luminosity. What is necessary is that the laser-electron luminosity normalized by laser 
power is stable during the P c measurement. It can be achieved by stabilizing the 
geometry of the laser beam and the electron beam. Here we assume that a polarization 
measurement will consist of a set of three sequential stages as follows; the calibration 
(laser power scan with P.=0). the actual polarization measurement (measure 
asymmetry:A for P =+1 and -1 . with fixed laser power), and the calibration again for 
stability check. This one set of measurements will take only 2 to 3 minutes. A caution 
for the calibration by laser power scan is following. The value of SE S is determined by 
both number of photons and the energy distribution of them. Generally the response of 
the 7 detector is not equal for following two cases even the EE S is equal; one is many 
photons which have low energy and the other is small number of photons which have 
high energy. Therefore scanning £E S by changing laser power is not enough to study 
(calibrate) the response of the "/detector. The method to scan ZE S by changing the 
energy spectrum of photons is necessary. Changing the wave length of the laser is a 
candidate of this method. This change both number of photons and energy spectrum of 
them. However to keep stability of laser-electron geometry is not easy when we change 
wave length of laser in wide range, because it may require the change/adjust of light 
path. In conclusion, more study is necessary for calibration method. 

6.6 Choice of Laser Energy 

Next. we discuss the choice of the laser energy E„ (wave length). In all discussions 
in sections 6.1 -6.5. the E (1 was chosen to be 4.66eV (4th harmonics of Nd:YAG-laser). 
The reason is that this has reasonably large analyzing power (or both E B=50 and 500 
GeV. However, at E B -160 GeV, the analyzing power becomes zero when we use 
H<,=4.33 eV (figure 12). To measurer the polarization in all range of E B , we should 
choose appropriate value of E ( ) for each range of E B . For example, around EB=160 GeV 
(70GcVi, choosing En=I.17eV (2.33eV) give us the best analyzing power, where 
E„=1.17cV (2.33eV) corresponds the fundamental wave (2nd harmonics) o( Nd.'YAG-
laser. 

I Ml 



6.7 Location of Mirrors 

Finally we discuss the location of the mirrors which introduce the laser light into 
the interaction point. Figure 15 shows the possible choice of the location. If the mirrors 
are located outside the central tracker, the mirrors do not disturb tracking by the central 
tracker (figure 15(a)). When we choose this location, however, laser light passes 
through the central tracker and the beam pipe (or the supporting pipe for the interaction 
region staffs). This may cause another trouble. It is necessary to have the windows at 
the wall of the central tracker and the beam pipe for the laser beams, and to have the 
special geometry for the wires (or Si-strip-board, or straws, ...) of the central tracker 
around the pass of laser light. We do not want to have such restriction when we design 
the central tracker. Therefore we reject this choice. The other choices are to put the 
mirrors between the central tracker and the beam pipe as shown in figure 15(b), or to 
put mirrors inside the beam pipe as shown in figure 15(c). We think that the (c) is 
preferable because the laser entrance window is not necessary on the beam pipe. When 
we choose locations (b) or (c). the mirrors disturb the tracking as follows; they cause the 
multiple scattering of charged panicles, the conversion of photons, and the emission of 
photons from electrons. To avoid those undesirable effects, we propose to introduce a 
mirror mover (figure 16). Two mirrors are mounted on a cylinder. When we take 
physics data the cylinder slides out from the interaction point. About the position 
accuracy of the cylinder when it slide back and forth, since the spot size of the laser 
beam is ~200u.m. the accuracy of dozens of p.m is good enough. When we want to 
combine the polarization monitor with the beam size monitor, the half-mirror for 
spitting the laser beam should be mounted on the same cylinder because the stability of 
relative position between the spitting half-mirror and other two mirrors is important. 

6.8 Overall Layout 

The overall layout of the apparatus for the polarization measurement are shown in 
figure 17. Since the scatted photons are highly collimated. the 7detector can be located 
at downstream with long distance from the interaction point where there is enough 
space to install the y detector and the sweep magnet. 

7. Summary and Discussions 

We have discussed that it is necessary to measure the polarization at the interaction 
point. It will be important, especially in TeV collider, to measure the polarization of the 
electron at the interaction point just after the actual electron-positron collision, because 
beam-beam effect may cause a few to several percent of depolarization effect. This can 
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be achieved by using Compton scattering between a laser light and the electron beam. 
To have reasonably large analyzing power in all energy range of electron beam, it 

is necessary to use a few of laser energies. When we assume to use Nd:YAG-laser, 
using three kind of laser energy, E0=1.17, 2.33. 4.66eV(fundamental, 2nd harmonics, 
and 4th harmonics), is enough to cover all energy range of future liner collider. 

It is possible to combine the polarization monitor with the beam size monitor in one 
device. Since the space around the interaction point is very tight and it should be shared 
by many devices, to combine them will make the design of the interaction region easier. 

We have discussed to measure the energy sum of scattered photons, because we 
suppose it is strong against the beam related background, and because we can measure 
the polarization in a few minutes. When we employ this method, the y detector should 
be calibrated within accuracy of 0.2% for the energy sum of 10-100TeV to achieve the 
polarization measurement of \°!c accuracy. It is very hard to achieve this accuracy, thus 
we need more study for the method of calibration. 

Since the calibration of y detector is most difficult part of the energy sum 
measurement, we are considering to measure single scattered photon in a linac pulse. 
We reduce the laser power to make the expected number of photons less than one. To 
avoid the effect of beam related background, we will measure both scattered photons 
and scattered electrons in coincidence. Energy of a scattering photon is measured by a y 
detector (calorimeter), and energy of a scattered electron is measured by a spectrometer 
• magnet+tracker) or a combination of a spectrometer with a calorimeter. Tracking will 
be necessary to reduce background. We have just started the consideration of this 
method, and detailed discussion will be presented soon. 
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of outgoing electron beam is expected. Thus in the polarization measurement for 
SLC. a laser beam collides with the outgoing electron beam after the electron 
beam passing the positron-quadrapoles. 

(7) T.Shintake. Nucl. Instr. and Meth. A31I.453 (1992). 
(8) R.Prepost discussed this method in reference (3). 
(9) Recently we have learned that SLAC succeeded to have the polarized beam in 

SLC and to measure the polarization of it. 

Table 1 Incident Photon Energy EI, Maximum Scattering Energy 
Es:max, and Total Cross Section, for 90-degree-collision of a 
4.66eV-laser beam and a electron beam (EB). 

E B E : Es:max a:total 
(GeV) (MeV) (GeV) (10"2 7cm2) 

"paralell" non-pol. "antiparallel" 

50 4.56 32 310 300 291 

5(H) 0.456 473 65 88 111 
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Fig. I A basic ide:i to measure the polarization of a electron beam. 

(d") edsctan Vest -fvawie. 
X,Y 

( b ) Vjaborcsloiy 4v«j«e 
Xu,Yu 

photon. Er0 

V po8o.ri2ed/ 

Fig.2 Head-on-collision between a laser beam and a electron beam is described with the coordinate system 
which is used in chapter 2; (a) the frame at rest with the incident electron (the electron resi frame; X.Y.Z), 
(b) the laboratory frame (XL,YL.ZL). Here » shows the direction of a photon momentum, * 
shows the direction of a electron momentum, and crC> shows the direction of the electron spin. 
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Fig.3 The polarization dependence of the scattering; (a) collision in the electron rest frame, (b) the distribution 
of number of scattering photons into unit solid angle in the electron rest frame, (c) the energy distribution 
of scattering photons in the laboratory frame. 
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Fig.4 Depolarization of the outgoing electron beam by qiiadaropole magnets for positron side when they arc 

exited (or they are permanemmagnets). We assume that a future linear collider has non zero electron-
positron crossing angle. 
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Fig.5 (a) The beam size monitor proposed by T.Sintake1", and (b) the beam polarization monitor discussed in the report has 

a similarity. This suggests us that we can design the device which has combined function to measure both polarization 
and size of the beam. 
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Fig.6 Non head-on-collision between a laser beam and a electron beam is described with the coordinate system which is used 

in chapter 4; (a) the rotated electron rest frame (XR,YR,ZR) and the electron rest frame {X,Y,Z), and (b) the laboratory 
frame (XL,YL,ZL). Here -^-^*- shows the direction of a photon momentum. »- shows the direction of a electron 
momentum, and ̂ > shows the direction of (he photon spin or the direction of the electron spin. 
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Fig.7 In non head-on-collision (crossing angle 9X) between a laser beam of 
energy EQ and an electron beam, both energy- and angular-
distribution of scattered photons are practically equal to those in head-
on -collision between a laser beam of energy Eg e f f and the same 
electron beam when the energy of electron beam is grater than GeV 
and 6 x is not near 180°. Here E 0

c f f=(l+cos9 x)/2)«E 0. This figure 
shows the collision of 9V=90°. 

Fig.8 The definition of spin "parallel" and "antiparallel" 
collisions of a laser beam and a electron beam are shown 
in a laboratory frame. Here •**>**+. shows the direction of 
a photon momentum, »> shows the direction of a 
electron momentum, and <=̂C> shows the direction of the 
photon spin or the direction of the electron spin. 
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Fig.9 The differential cross sections for number of scattered 
photons into unit solid angle in the electron rest frame for (a) 
E, =0.456 MeV (90 a-col[ision of a 4.d6eV-laser and a 
50CeV-electron) and (b) E,=4.56MeV(«0°-collision of a 
4.66eV-lascr and a 500GeV-clectron). The azimuthal angle 
dependence is neglected because the angle lF (see equation 
14) is so small. 
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Tlic differential cross sections for number of photons into 
unit scattering energy in the laboratory frame for (a) 
EB=50GcV and (b) EB=500GcV. 
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Fig.l 1 The differential cross sections for number of photons into 
unit cone angle against the axis of the electron beam in the 
laboratory frame for (a) EB=50GeV and (b) EB=500GeV. 

320 (,<& <&r 
i | i f • 

Spin.' Pojp 

< Use*-bwwtA. \ 

200 400 6oo 7So 

Fi8.12 T T » j E . J d E . / j E i ^ s d E | . s . f u „ c t i c 



te 

s 
o 

(I m 

6 

- * « < 
o o* •=: t H 

" 8^^z ^ K ^ 
o 
o>- . 

^-3-^-3- "V 
Vl* H 
i is Si: 

, , .3< a a * 
AISJ'0/s.jwwg*: 

111 
8 * 1 

ill 
IS ' — J ^ 
3 m u 

-— v i O 
•° II II 

Ui 
6. a. a i 

1-10 
^ 



bean pi 4 " 4 - l btow?;fe L—A 

WW*. HVnTMr Mawc 
M;vt«rlW 

W 
Wto 

Fig.lS The possible choice of the mirror location; (a) mirrors are located 
outside the central tracker, (b) mirrors are located between the 
central tracker and the beam (or support) pipe, and (c) mirrors are 
located inside the beam pipe. 

Fig.16 Mirror mover. When we take physics data, the cylinder slides 
out from tthe interaction point. 
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Final Focus System 

Katsunobu Oide 

KEK. National Laboratory for High Energy Physics 

Oho, Tsukuba, Ibaraki 305, Japan 
E-mail: 0IDE@JPNKEKVX.B1TNET 

I. UPDATED OPTICS 

We update the parameters of the JLC final focus optics as listed in table 
1. First this time we concentrate on the 250 GeV beam energy. We choose the 
invariant emiltances at the interaction point(IP) as twice as these at the damping 
ring to handle possible emittance growth in the compressor, linac and final focus 
system. The final focus system assumes the incoming emittances from linac as 
eT/ey = 5 x 1 0 - 6 / s x 10" 8 m, and 20 % growth is expected. The half aperture of 
the final quadrupolc is opened up to 3.3 mm, which used to be 0.5 mm at the 2nd 
JLC Workshop. The main reason of that is to avoid the beam breakup due to the 

Table 1 

Parameters of the JLC final focus system 

Ream energy E0 250 GeV 

Invariant emittances at IP ez/ey 6 x I 0 - 6 / 6 x 1 0 ~ s m 

3 functions at the IP «//»; 10/0.1 mm 

Spot sizes at the IP «;/*; 350/3.5 nm 

Free area length f* 2.2 m 

Half aperture of the final quad a 3.3 mm 

Pole-tip field Bo 1.4 T 

Length of the final quad Li 1.8 m 

Length/beam L0 
400 m 

Momentum bandwidth Xm ±0.8 % 
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resistive wake field by the beam pipe or the pole of the quadrupole. K. Yokova has 

est imated the effect as 
\2 

7 \ f t / 2 2 
0 7S P2!\ 

" ' ' (1) 
0.78 e2NL1Z0 

an2 i;mc£y^/\iQCOoz 

where Ay is the vertical offset of the beam at the final quadrupole where the vertical 

ft function is f)y and the ratio of the aper ture to the vertical beam size is n . T h e 

parameter A specifies tile enlargement of the emit tance of bunch due to the wake 

with the conductivity a for the bunch length a2. Since the amount Ay~//3y is order 

of f yl~f, otherwise the synchrotron radiation in the quadrupole becomes serious, we 

make A 2 / 2 = 0.1. If we have to pass a bunch of A' = 1.5 x 1 0 1 0 particles, n > 30 

and a — 3.3 m m is necessary which corresponds to the parameters of Table 1. We 

have assumed the beam pipe or the pole t ip is covered by Cu. T h e opening of the 

aper ture of the final quadrupole is also good for the background of the detector, 

but increases the chromaticity and make the tolerance tight. 

In this design, the /? functions at IP are the minimum of the possible values 

for different configurations. The actual values should be determined by global 

optimization of the parameters for the entire collider, but we design the focusing 

optics for the most difficult case. The length of the free area (' tha t is the distance 

fmm IP to the face of the final quadrupole is extended to 2.2 m to reduce the 

background according to an estimation by T. Tauchi. The momentum bandwidth 

is somewhat increased compared to the previous design. This is done by the "odd-

dispersion" scheme which makes the horizontal dispersions a t two sextupoles of the 

same family unequal, which decreases the chromo-geometric aberrat ions of the —/ 

transformer of the chromaticity correction section, and enables a wide bandwidth. 

Although a design with wider bandwidth Xm ~ 1.5 % is also possible using this 

scheme at some cost of the tolerance and the total length, the merit of a wide 

band system is not clear to us at this time, because the global optimization never 

requires such a wide bandwidth. 
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II. i o MAINTAIN THE NANOMETER COLLISION 

The key point for a JLC-Iike future collider is how to maintain the collision of 

two beams with the nanometer spot size. Basically there are three issues: 1) to 

keep the head-on collision within an accuracy of a few nanometer , 2) to hold the 

spot size against possible perturbat ions, 3) to boot the system into the nanometer 

regime from various initial machine errors. For the third point we have done a 

simulation with a beam-based alignment in the 2nd J L C Workshop and obtained 

a hopeful result. Then we discuss the first and the second point in this report . 

A number of studies have been done a t SLC to make a stable head-on collision. 

The basic idea is to sense the deflection of the beams due to the beam-beam kick 

using beam position monitors (BPMs) located around the IP and to feedback it to 

the next collision. The beam-beam deflection angle Ay' cause by a vertical offset 

Ay" at IP is expressed asm 

Ay' = - J ^ - } ( D y ) % , (2) 
i« + ay) al 

where J(Dy) is a correction by the disruption of the beam with the disruption 

parameter Dy. This method works very well a t least for the 1.2/ /mxl.2/«n SLC 

spot. In the case of SLC, Eq. (2) gives Ay ' = 230 /irad x (Ay*/<rJ) with N = 

2 x 1 0 ! 0 and J(Dy) ~ 1. In this case the beam is kicked more than 200 /irad, which 

is easily detected by a s tandard BPM, when their centers are shifted \ay. One may 

raise an objection for the applicability of this method to the nanometer case, but 

in the case of , )LC the sensitivity of the deflection angle to the relative offset at IP 

is Ay' = 56 /irad x (Ay'/ay), which is 1/4 of the SLC case ( J V = l x 1 0 1 0 , f(Dy) ~ 

0.35, Dy = 5). Therefore it is not much different from the SLC case to detect the 

offset and to feedback it. The offset of lcrj is detectable with a conventional BPM 

of accuracy 1 /<m. In the JLC case one can use all the information from every 

collision in a pulse to detect the offset even bet ter than SLC. The feedback will be 

active only below 10 Hz because the repetition is 150 Hz. Thus the perturbat ion 

beyond 10 Hz cannot be fed back. Recently N. Yamamoto et al has measured the 
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vibration of tunnels and buildings at KEK site, and obtained that the vibration 
beyond 10 Hz is only a few nanometer even in the day time. As the reduction of 
the loss of the luminosity is suppressed by the disruption(ij, even if one build the 
JI.O at KEK, the loss of the luminosity due to the vibrations higher than 10 Hz is 
only 5 %. One can imagine that it is not difficult to find out a location which is 
more quiet than the daytime of KEK. Other measurement at UNK also shows that 
the vibration over 10 Hz is only 0.2 nmpj. The valid range of (2) is Ay*/cr* S ±5 
in the case of Dy = 5, but outside that region the beam-beam is still useful to 
maintain the head-on collision. For instance one can sweep the vertical offset and 
draw the deflection pattern which tells the location of the center of the collision. 

The second issue is to maintain the nanometer spot size. The most tight 
tolerance for this point is the vibration of the center quadrupole in the vertical 
chrornaticity section. If that quadrupole shifts vertically 20 nm relative to the 
beam, the final vertical spot size increases about 2 %. Therefore we have to keep 
the vertical beam position at the quadrupole within 20 nm accuracy. Such a 
higli accuracy requires both the accuracy of BPM attached to the quadrupole and 
t he knowledge of the relative offset of the BPM to the center of the quadrupole. 
Recently T. Shintake and II. Hayano have proposed a design of a BPM whose 
sensitivity is less than 10 nm. This device will be tested at the FFTB collaboration. 
If such a high sensitivity BPM becomes available, the determination of the magnet 
center relative to the BPM is possible by a beam-based alignment. When one 
change the strength of the quadrupole by 0.02 m - 1 , which makes 10 nm shift of 
the beam at 50 m downstream the quadrupole if the beam has an offset of 10 nm 
at the quadrupole. If one use several shots the required accuracy becomes less. 
Once the relative location of the magnet center to the BPM is determined, the 
orbit feedback maintains the final spot size. The tolerances for the other magnets 
are looser than the quadrupole. An external position sensor and mover system also 
help the beam-based method. There are, of course, many sources of perturbation 
to the spot size. The stability of the power supply is one of them. Some magnets 
require a relative stability of order of 1 0 - 6 . A stabilization using nm detector is 

1-16 



SS^Er* -

i 
B expected to be applied to this purpose 

I III. REFERENCES 

1. K. Yokoya and P. Chen, KEK-Preprint-91-2. 

2. B. Baklakov, P. Lebedev, B. Parkomchuk, A. Sery, A. Sleptsov, B. Shiltsev, 

INP-PREPRINT-91-15. 



Ground motion at KEK 

N. Yamamoto 
KKK, 1-1 Oho, Tsukuba, Ibariki, JAPAN 

May'22. 1992 

Ground motion measurement at KEK 
In tins note, W'e reports I he result of recent measurement of the ground motion 
in KKK Because of light tolerance for JLC. ground motion may cause a lot of 
problems We need to study a property of ground motion and to consider the 
UsHrV.r on the JLC 

As a first step, we have measured velocity spectrum of ground motion at 
several points in KKK. Fig.l shows the measured power spectra of ground vi
bration velocity on the floor of TSl 'KUBA experiment hall in KEK. We used the 
t MlJ-3 broad hand seismometer manufactured by Gulrap Systems(England) as 
a pickup. This equipment has flat velocity response from 2.7mHz to 5UHz. Sen
sitivity of the pickup is 751) Volts/(m/sec). Signal from the pick up was analyzed 
by the IIP.'HiS'M dynamic signal analyzer. 

Measured data is a power spectral density of the velocity spectrum, / ' .{wj-
\Ve ran translate it into a power spectral density of the displacement. P,t[-^). 

PA*)~ / ' , U ' ) / - : ' . 

A rin* displacement of ground motion, a. is calculated by. 

Analysis of data 
The spectrum consists of three components, sharp peeks, broad bumps and con
tinuous spectrum as shown in the figure 1. We est imate ampli tude of vibration 
rnused by each component. Sharp peaks seen in the range of 5Hz lo 50 Hz in the 
finiirc 1 may comes from vibration of the various equipments in the area, such 
as rotating pumps or fans although we do not identify the sources yet. Each 
peaks at 5Hz, 18Hz. 25Hz. 35 Hz and 50 Hz produces 10 nm, 15nm, 6nm, 4 
tun and I urn vertical vibration and 3 nm, lOnm, 3nm, lnm and 2nm horizontal 
vibration, respectively. 

Broad bumps arc seen at 0.2Hz and 3Hz in the spectrum. The bump aL 0.2Hz 
is known to be related to ocean swell. Amplitude of the displacement caused 
by this spectral bump is estimated as l>;nn in vertical and 9/mi in horizontal. 
Amplitude of this bump is also related to weather. It wa-s raining when this 
data was taken. 

Another bump at 3llz seems related to human activity This component is 
reduced in midnight Amplitude of the motion estimated from the data is 25 
tun in vertical direction and lanni in horizontal direction. When human activity 
is high . it can reach 30()nm. 
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Figure 1: Power spectrum of the ground motion velocity on the floor of the 
'] SIMvl'HA experiment hall in KEK. The unit of vertical axis is Vol l ' /Hz . 

In t In* range of 'Ml?, lo 50 Hz. a continuous par t of the spectrum falls as u>~~. 
If we integrate this spectrum above 5Hz, we get 8 nm for vertical vibration am-
plilude and ihnu fur horizontal vibration. If we integrate it above 3Hz. vertical 
and horizontal ampli tude is 20nin and 18nm, respectively. 

D i s c u s s i o n 

We measure.! power .-peelml density of velocity spectrum of ground motion. 
Calculated amplitude of displacement is order of l inn to lOftmdepeml on a 
source of vibration and a frequency range. Comparison with da ta taken al 
other points in KEK shows that the floor of TSUKUBA experiment hall is 
rather qiiin 

We did noi discuss the displacement ampli tude of low frequency vibration 
below 0.1Hz. In this range, we need to know a coherent length of the vibra
tion If ground moves coherently, it will be harmless for JI,C\ Measurement of 
rnherenre of i he ground motion in will be done in near future. 
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A P R E C I S I O N T A B L E F O R F I N A L L E N S E S O F F F T B 

N.ISHIHARA 

National Laboratory Jor High Energy Physics, KEK, 
1-1 Oho, Tsukuba, Ibaraki, 305, Japan 

A b s t r a c t 

A precision table which is under construction at KEK will support 
three final lenses of a final focus test beam line at SLAC. The table 
position should be controlled with the accuracy of 50 nm (rms) in order 
to keep the beam position stable as GO nm (rms). A prototype table 
has been constructed to investigate whether the adopted combination 
method of piezo-electric transducers and motor-driven screws can fulfill 
the specifications required to the precision table. Described are the 
specifications of the precision table, the performance of the prototype 
table and the installation schedule of the actual table into SLAC. 

1. I n t r o d u c t i o n 

A final focus test beam (FFTB) line of 50 GeV depicted in Fig.l is under 
construction at SLAC with the international collaboration of KEK, DESY, INP, 
Orsay and SLAC in order to confirm the possibility of very small electron (positron) 
brain size as 900 nm (rms) in horizontal and 60 nm (rms) in vertical at a focal 
po in t " 1 . In the F F T B , final three lenses (quadrupole magnets Q C l , QX1 and 
QC2) are required to be aligned dynamically within 100 nm, especially 60 nm for 
Q C l , to keep the beam position stable as within one s tandard deviation of the 
beam size. Since these three lenses are mounted on a common support table, the 
position of the support table should be controlled dynamically with the accuracy 
of about 50 nm to achieve the beam position stability mentioned above. Three 
lenses and the support table called the precision table are now under construction 
at KEK and will be installed in the F F T B line at SLAC in September 1992. Since 
the total weight including these three lenses and the table is heavy as about 24 t, 
the construction of a prototype of 2 t has seemed reasonable in order to investigate 
whether the adopted method 1 " ' can fulfill the specifications reqired to the actual 
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lable. In this paper, specifications of the precision table and the performance of 
the prototype tabic are described from the viewpoint of position control. The 
installation schedule is also mentioned in the time range from March to September 
1992. 

2. Spec i f i ca t ions of the precis ion table 

The precision table is supported by four movable legs consisting of screw jacks 
driven by stepping motors as coarse movers, and piezo-electric actuators as fine 
movers. The x, y and z axes are defined as horizontal, vertically upward and 
beam direct ion. respectively, and the right hand system is adopted as shown in the 
illustration of Fig.2. Detail drawings of the precision table are shown in Fig.3. The 
table itself is an iron slab and its natural frequency is 90 Hz so that the table can 
avoid the resonant vibration due to the expected ground motion mentioned later. 
The main parameters of the precision table are listed in table 1. 

Main purpose of this table is to cancel the effect of thermal expansion due to 
local temperature difference. For example the temperature difference of 0.1 °C 
produces 1 /mi long change for lm iron structure. The air temperature in the 
experimental room at SLAC was measured to be about 15 ± 5 °C for 25 hours on 
May 2.1-2I. 1990 ( " . For a long period, the temperature change of about 20 °C 
is expected, so the required dynamic range is estimated to be about '100 fim for 
the y-dircclional mover of the precision table. Since the speed of such temperature 
change is not so fast, probably in the order of 10~ 4 °C/sec, which corresponds to 
the changing speed of 1 nni/sec for the 1 m long iron s tructure. Thus the time 
response of 10 nm/sec is enough to cover the changing speed. 

File effect of ground motion is considered as follows. According to the da t a 
obtained at SI,AC!'", the noticeable frequencies of ground motion are about 12 
Hz and .'!() Hz, and the mean vibration amplitude is 35 nm. This table cannot 
camel the pffpet of such ground motion because the amplitude of high frequency 
component is too small to be picked up. Thus the high frequency ground motion 
will have no effects on the table position in the tolerance of 50 nm (rms). The 
SI.AC data also show that there is the slow ground motion of 200 nm amplitude 
and 200 nm/sec speed in horizontal direction. Since this motion will coherently 
move the whole beam line, it seems that such slow motion will give no effects on 
the relative position of the table. Nevertheless, it is aimed for caution's sake that 
the x-diredional movers have the dynamic range of at least 200 nm, and at the 
same time, the time response of faster than 200 nm/sec. 

There are two control modes, coarse and fine. For the coarse mode, number 
of freedom is six, x,y, ; , 0x,8y and 6., while it is five, x, y, 6X, 8V and 6: for the 
fine mode, where 9, s tands for the rotation around the i-axis. The coarse mode 
is mainly used for the initial alignment of the table. At this stage, the table is 
positioned to within the dynamic range of the fine mover, about 15 /urn. The 
dynamic range of the coarse mover is designed to be 10 mm in al! directions so 
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that I h" coarse mode can cover the misalignment of the order of 1 mm in the initial 
installation. 

We usually operate the fine mode at the SLC control room to control the table 
position actively using feedback signals from position sensors of laser (y-direction) 
and iif capacitance (x-direclion). The combinations of the coarse and fine movers 
are used in this mode, therefore the dynamic range is almost the same as in the 
coarse mode. Figure '1 shows a block diagram of the fine mode operation. When 
the table position is changed by a disturbance like a thermal expansion, position 
sensors detect the change and the CPU of controller calculates the amount to cancel 
the position change and then drives movers to keep the table position stable. When 
we change the set value of the table position using the touch panel shown in Fig.5. 
which is located in the SLC control room, the command goes through Ethernet to 
a personal computer to change the set parameter of the controller. The controller 
.-.insists of VMK modules, CPU, D/A, A /D , P I / 0 , DI, DO and counter as shown 
in I-'ig.ti. An MCfiS020 is used for the CPU with aclock signal of 20 MHz to obtain 
a sampling lime of 2 msec ' 3 ' . 

Table 1: Main Parameters of the Precision Table 

Table 
Load capacity 8 t 
Size 1000(W) x 4530(L) x 450(H) m m 3 

lOmpty weight 16 t 
Material Iron JIS-SS-100 modified 
Natural frequency 90 Hz 

Mover 
Dynamic range 10 mm 
Time res ponse 1 /(m/sec 

Precision of movers 
Coarse Fine Tolerance 

.r 2 //in 50 nm 0.5 /(m 
!i 2 /mi 50 nm 50 rim 

: 2 / i m — >10 /im 
6X 

2 /(rad 0.5 /(rad > 1 /irad 

s» 2 /irad 0.5 /irad >1 /(rad 
9. 5 /irad 0.5 /(rad 1 /irad 
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-1. S c h e d u l e 

The assembly of the actual precision table will be completed at the end of April, 
and its tfst operation will be made in May. On the other hand the final lenses 
will be completed in June, therefore testing for the initial alignment of three lenses 
on the t a b k will be made in July at KEK. After the customs formalities, both of 
the tables and lenses will be shipped to SLAC in August. The installation of the 
table will starl in September at SLAC and after the installation it will take about 
a month to tune the control system. 

5 . C o n c l u s i o n s 

The precision table has been designed and is now under construction. The pro
totype table has proved that the combination method of piezo-electric transducers 
and screws driven by stepping motors fulfills specifications required to the table 
fur the three final lenses of F F T B . The actual table system will be installed in the 
F F T B area at SLAC: in September 1992. 
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3 . P e r f o r m a n c e of t h e p r o t o t y p e t a b l e 

The prototype table has the load capacity of 1.5 ton, the size of 900 mm width, 
15(H) nun length and S00 mm height, the weight of 2 t and the natural frequency 
<•( 100 11/. Other parameters arc the same as those of the actual precision table. 
A pi- tur" "f the prototype table is shown in Fig.7. The performance test has been 
mad'* a-- deM-ribcd in the block diagram of Fig.8. Three different points of the 
table, y , . vj and y3 are monitored by three laser interferometers with the accuracy 
i.f _M) nm (nns) . Three values arc transformed into the table position y, 8X and 
<•... When we add the disturbance to the y, for example, the compensating number 
y" i> rali'iilated for keeping y position constant. The calculated numbers, y", 6'x 

and "!. aie transformed into the y positions of the monitor points, y j , yj and y j , 
and then four actuators move the table to realize the set positions. This procedure 
i- i<|iiivalent to adding the disturbing motion to the table directly. The obtained 
result:- are shown in Tig.9 (a),(b) and (c) for the sine wave disturbance of 0.5 Hz 
in <:. ", and a . directions, respectively. In this connection, the y direction wave of 
0.5 II? and 2 //in (p-p) ampli tude corresponds to the time response of 2 /zm/sec. 
These figures show that, the position resolutions in y, 9X and S. directions are 

about 15 inn. ()..'! //rad and 0.1 //rad in mis values, respectively. The results of the 
peiforinance tests are also described in table 2. The damped ratio of belter than 
JO dH has been obtained for each direction at less than i Hz. Since the disturbance 
due to the temperature change will be much slower than 0.5 Hz, we can expect 
that this method will fulfill the conditions required to the actual table. 

'Table 2: Performance of the Prototype Table 

TYeq. Dist. Amp. Controlled Amp. Damped Ratio 
(Hz) p-p p-p (-.IB) 

0.5 2000 nut 93.8 nm 26.6 
1 2000 nm 156 nm 22.2 
:3 2000 nm 563 nm 11.0 

0.5 •1000 nrad 1SS nrad 26.6 
1 •1000 nrad 312 nrad 22.2 
.1 •1000 nrad 1250 nrad 10.1 

0.5 '1000 nrad 188 nrad 26.6 
I 4000 nrad 312 nrad 22.2 
3 •1000 nrad 1060 nrad 11.5 
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Heasoreient of Transverse Displaceient 
for Long Path Length 

K.Kiyashita 

Naruto University of Education, NUE 
Takashima. Naruto. Tokushinia, 772, Japan 

Abstract 
A superhighCseveral nm) accurate alignment system will be 

required at a final focus of Japan Linear Collider(JLC). At 
present, a laser interferometer is one of the most important 
measurement for realizing the system. But it is very 
difficult to measure the transverse displacement with high 
accuracy for long path length by the measurement. Then a new 
measurement of the transverse displasement using a laser 
beam and a pair of position sensors is examined and 
developed. This proceeding reports the principle of the 
method in detail and the experimental results of the 
transverse displacement measured by it. 

1. Introduction 
A measurement of a transverse displacement using a laser beam is 

widespreaded because of the simple construction and the long extent 
of measurement. But an accuracy of the measurement become wrong with 
distance caused by the pointing instability of the laser beam. Then 
the new measurement of the transverse displasement using splitted 
laser beams and a pair of position sensors is devised. It is not 
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affected by the pointing instability. It may be available for the 
final focus alignment of Japan Linear Collider(JLC). 

2. Explanation of New Measurement of Transverse Displacement 

2.1 leak Points of Present Measurement 
A basic construction of a present measurement of transverse 

displacement using laser beam is shown in figure 1. A laser 
instrument is fixed on a rigid table. A laser beam from the 
instrument is directionally adjusted and points on a position 
sensors fixed on a moving object. When the object generates some 
transverse displacement. the laser spot on the sensor moves and the 
displacement is detected by the output signal of the sensor. However, 
in case of long path length. the accuracy of the measurement is not 
so high because of fluctuations of the laser beam. The fluctuations 
are generated by two factors. One is a variation of a refractive 
index through the laser path and the other one is a pointing 
instability of the laser beam caused by a thermal deformation of the 
laser instrument. The former one may be negligible if the path is 
kept in a vacuum. But the the latter one can't be negligible because 
many laser instruments almost have about 30jurad of the pointing 
instability. Then the new measurement which is not affected by the 
pointing instability is examined and developed. 

2.2 Principle of Ne« Measurement 
Figure 2(a) shows the construction of the new measurement. A 

laser instrument and a mirror system are fixed on a rigid table and 
two position sensors are fixed on a moving object. The laser beam 
from the instrument is divided into two parallel beams by the mirror 
system and they enter into the position sensors 1 or 2 respectively. 
Output signals Si and S 2 from the position sensors 1 and 2 are 
averaged by a operational circuit. 
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(S,tS 2)/2 = 0.5S,4 0.5S, (1) 
Figure 3(a) shows details of the mirror system. It consists of a 
half mirror and 4 mirrors. The laser beam is divided into two beams 
1 and 2. They are reflected twice respectively and go straight to 
the object. 

Ihen a directional variation 0 of the laser beam(it is the 
pointing instability) generates, the direction of the two beams 1 
and 2 vary symmetrically as shown in figure 2(b) and 3(b) because 
the difference of number of the reflection between them is odd. And 
so the variations of the laser spots on the position sensors are L 0 
and -Lfi, when L is the equal path length of the laser beams 1 or 2. 
Thenthe average between the outputs S i ( L 0 ) and Si ( - L d ) is 

0. 5S,(L<? )<0. 5S2(-[.<? ) = 0. (2) 
V S , ( L 0 ) = -S*(-L0 ) 

and so the effect of the directional variation 9 can be cancelled. 
Ihen a transverse displacement d of the object generates, both of 

the movements of the laser spots on the sensors are equally d. Then 
the average between S,(d) and S*(d) is 

0. 5S,(d><0. 5S = (d) = S,(d)=S !(d). (3) 
•.S,(d)=S;(d) 

and the displacement can be detected. 
Therefore the new measurement is not affected by the pointing 

instability and can detect the transverse displacement using the 
average signal between Si and S 2. By the way. using the average of 
signals means that an axis of symmetry of the two beans is used as a 
datum line in the measurement. Because the axis can regard as an 
infinite datum line. the measurement is superior than others 
especially for long path length. 

In figure 2 and 3. the constrtuction for the measurement for one 
dimensional transverse displacement is shown in order to explain the 
principle easily, but the principle can be used for two dimensional 
measurement, too. Figure 4 shows a prism which works as the mirror 
system for the two dimensional measurement. In figure 4, arrows show 
directions of variations of input and output beams and the 
directional variations of the output beams are symmetrical. 
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3. Experimental Measurement of Transverse Displacement 

3.1 Equipments for Experimental Measurement 
Experimental measurements tere tried. Equipments for the 

measurements are shown in figure 5. A fle-Ne laser instrument, the 
prism and a capacitanse microsensor are fixed on a rigid table. An 
object is set about lm from the prism, and can be moved to 
transverse direction with several nm precision by a piezo electric 
transducer. A pair of position sensors are fixed on the object. 
A laser beam from the laser instrument is divided into two beams by 
the prism and they enter into the position sensors respectively. The 
transverse displacement of the object is detected by the ne» 
measurement and by the microsensor. In order to decrease the 
variation of the refraction easily, the paths of the laser beams are 
coveredby a plastic pipe. 

3.2 Results of Experimental Measurement 
In figure 6. signal(a) is the output from the microsensor, signal 

(c) and (d) are the outputs Si and S 2 from the position sensors and 
the signal(b) is the average between Si and S :. They were detected 
when the object generated sinusoidal transverse displasement with 
the frequency of 21lz and the amplitude of 200nm(p-p). The signal(a) 
is regular sin wave and may show the correct displacement of the 
object. The signal(c) and (d) include regular and irregular 
components. The regular component may show the displacement of the 
object and the irregular component may be caused by the pointing 
instability of the laser beam. On the other hand, the average signal 
(b) consists of only regular component without the irregular 
component, and the displacement is measured with enough accuracy. 
Then the signal(b) is calculated as follows in order to correct the 
difference between the gains of the sensors. 

0. 5S,*0.8Sz 
Figure 7 is the result measured under condition with the 
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frequency of 2Uz and the amplitude of 20nm(p-p). The average signal 
(b) shows the displacement of the object but includes a irregular 
component. too. It may be the effect of the variation of the 
refractive index. With regret, the effect can't be cancelled by the 
measurement. However if the paths are kept in a vacuum the 
measurement may be able to detect the transverse displacement with 
several nm accuracy. 

4. Conclusions 
The new measurement which is not affected by the pointing 

instability of the laser bean is examined and developed. Following 
conclusions are obtained. 
(l)ln the measurement, the effect of the pointing instability of the 

laser beam can be cancelled. 
(2)The measurement uses the axis of symmetrical laser beams as the 

infinite datum line. Then it is superior t han others especially 
for Jong path length. 

(3)The transverse displacement of 200nm(p-p) can be measured with 
enough accuracy. If the paths of the laser beams are kept in a 
vacuum the measurement may be able to detect the transverse 
displacement with several nm accuracy. 
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Unambiguous Test of Non-Decoupling Top Corrections 

Zenro HIOKI 
Department of Physics, College of General Education 

University of Tokushima 

Tokushima 770, JAPAN 
( B1TNET: A52071 @ JPNKUDPC ) 

ABSTRACT 

An unambiguous test of non-decoupling top-quark effects in 
electroweak radiative corrections is given, and some result of an 
actual analysis of the latest experimental data thereby is shown. 

A lot of electroweak precision tests have been done ever since high energy elec-

tron/hadron accelerators began to operate at CERN/FNAL. Through these tests 

the standard eleclroweak theory has been found to be successful as a quantum field 

theory as well [)]. Now we are at the point to develop further studies. One way is to 

investigate various aspects of electroweak quantum effects in much more detail. In 
my talk, I focused on the unambiguous test of non-decoupling top-quark corrections 

which I proposed recently as one of the studies in line with this direction [2]. 

Electroweak quantum effects consist of several parts which have different prop

erties. One of them is the above-mentioned non-decoupling top-quark effects, i.e., 

1 hose which increase monotonously for mt --* large. They are a characteristic feature 

of theories with masses produced via spontaneous symmetry breakdown plus large 

Yukawa couplings [3] like the electroweak theory. Therefore, studying these correc

tions is very important as a precision test of this theory. Unfortunately, however, 

if we try to perform such tests by comparing fully-corrected quantities with their 

experimental data, we will inevitably suffer from ambiguities from the Higgs mass, 

77î , and also rii| itself. 

In order to solve this problem, I examined what we could conclude if such non-
decoupling terms do not exist in the M\y-Mz relation [4]. In the concrete, I first 
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extracted the non-decoupling mt terms from the one-loop corrections to the /j-decay 

amplitude. AT, as 

*M = - - V { ' «? + 4(^ - J - A ) !•(£•)}. (i) 
16irsjv <.s|vA/2 ^sj,, 3 s\vM%> \Mz'' 

Then, using AT' = AT — 4r[m ( ] instead of Ar in the well-known M\y-Mz relation 
formula [5] 

I computed the IV-mass. Here, AT' is still m t dependent, but no longer diverges for 

int —* +00. 

I carried out this computation (the resultant VP-mass is denoted as M'w) for 
M'/r = 91.175 ± 0.021 GeV [6] and various m,^ above the present experimental 
lower bounds [m"p > 91 GeV [7] and m'f > 57 GeV [8] ). As a result, M'w was 
found to satisfy 

M'w < 79.840 (±0.026) GeV (3) 

for any experimentally allowed value of m ( and m$ (see the Table, where each value 

is in GeV and all the M'w have ±0.26 GeV error from AM"P = ±0.021 GeV). 

^ N ^ 91 200 500 1000 5000 +CO 

57 79.796 79.833 79.839 79.840 79.840 79.840 

100 79.764 79.802 72.808 79.809 79.809 79.809 

500 79.641 79.679 79.685 79.686 79.687 79.687 

1000 79.577 79.616 79.622 79.623 79.623 79.623 

Taking account of some theoretical uncertainties and comparing this inequality 
with the latest data [9] 

M^7 = 80.14 ±0.27 GeV (CDF + UA2), (4) 
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Mly" - M'w > 0..-S0 (±0.27) GeV, (5) 

which shows that M[v is in disagreement with MlyV at least at the 1<T level. 

On the other hand, the fully-corrected M\y ( the W-mass with AT) reproduces 

M{yv very well. For example, for M"p = 91.175 GeV, m ,=135 GeV and m # = 1 0 0 

GeV. 

Mw = 80.160 GeV. 

This indicates that the non-decoupling mt corrections must exist whatever value m^ 

takes. 

Actually, it may be premature at present to give a definite conclusion since the 

size of the error in Eq.(5) is still large. However, W mass is expected to be measured 

with an error of about ± 0 . 1 GeV at LEP II [10]. In tha t case, if the present central 

values of \flyV

z do not change, we could give the above statement a t more than the 

3(T level. That will be a very clean and unambiguous test of the electroweak theory 

as a quan tum field theory with spontaneous symmetry breaking + large Yukawa 

couplings. 

Finally, let me give a brief comment on the significance of analyses of this kind. 

A lot of recent papers concerning electroweak precision da t a are on top-quark mass 

est imate through radiative corrections. (Here, I only cite [11] as one of the latest 

papers.) Needless to say, such works are meaningful only when theories adopted 

there for actual computat ions are correct. In fact, the s tandard electroweak theory 

is taken in almast all cases. However, we must recognize tha t this theory still h i s 

not been tested as precisely as QED. Therefore, precision analyses of this theory 

itself, like what I described here, are also really indispensable. 
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Physics near the tt Threshold 
at Future e+e~~ Colliders 

Y. Sumino 

Dept. of Physics, Univ. of Tokyo, Tokyo, 113 Japan 

Abstract 

We review the theoretical aspects of the physics near the threshold 
of U pair production. After discussing intuitive physical picture of a heavy 
toponium system produced in e +e~ collisions, we give a theoretical formu
lation which incorporates the finite width of the top quark as well as all 
leading QCD effects. The result of quantitative analysis based on the for
malism is shown. We demonstrate that the use of both total and differentia] 
cross sections is powerful in measuring a, and mt to a good accuracy. 



1 Introduction 
Near the threshold of it pair production at future e + e" colliders, toponium resonances 
are expected to appear due to the binding effect of strong interaction, as it has been 
the case for charmonium and bottomonium. Since the strong interaction is enhanced 
near the threshold due to multiple exchange of gluons between i and l, it would be an 
ideal place to test the short distance behavior of QCD interaction with top quark which 
now appears to be quite heavy. It should be stressed, however, that physics involved in 
the it threshold region is expected to be quite different from those at charmonium and 
bottomonium. 

Quantitative analysis of the total cross section near it threshold was first performed 
by Fadin and Khoze [1], and later refined by Strassler and Pesltin [2], where they used 
the non-relativistic Green's function to sum over the leading threshold singularities. 
The authors of Ref.[3] further included the considerable reduction of the resonance 
widths due to the small phase space available below threshold, and provided a consistent 
analysis of the total and differential cross sections. Although the systematic calculation 
of the subleading corrections is yet to be performed [4], some of the qualitative features 
are well understood, and it is expected that a fairly clean test of QCD is available at 
the tl threshold. 

In this review we show that we will indeed be able to determine the strong coupling 
constant a , as well as top quark mass m ( in good accuracy by measuring the total 
cross section and differential cross sections simultaneously near threshold. One of the 
key observations is that the large top quark decay width Tt would act as the infrared 
cutoff, which prevents the theoretical uncertainties of low energy QCD from affecting 
the theoretical predictions, as first pointed out by Fadin and Khoze [1]. The other 
observation is that the correlation between the aa and mt measurements are opposite 
in the total and differential cross sections, which may allow an efficient determination 
of both parameters near threshold [3]. 

The organization of this article i» as follows. In section 2 we give an intuitive 
illustration of the role of the large top quark width as an infrared cutoff. Section 3 is 
concerned with the non-perturbative effect that arises along with the formation of the 
resonances, where the theoretical basis for the QCD binding effect near threshold is 
clarified. The gauge invariance of the leading threshold singularities is demonstrated. 
The non-relativistic Hamiltonian formalism that incorporates all the leading singulari
ties are developed in section 4. This formalism enables us to calculate the cross sections 
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in terms of the Green's function of the non-relativistic Schrodinger equation. A brief 

review on the quantitative analysis of the cross sections is given in section 5, where the 

importance of the simultaneous measurement of the total and differential cross sections 

is addressed. Section 6 contains concluding remarks and discussion. 

2 Physical Picture 
In this section, we present an intuitive picture of the physics in the tt threshold 

region. We illustrate that with this process one can test the short distance behavior of 

QCD interaction due to the large mass and width of top quark. 

As the top quark is now known to be heavier than W boson, if it ever exists, its 

decay width would be large, and increases rapidly with mt [5]: 

F, ~ - ^ ^ for m, » m w . (2.1) 
\l L ST 

This implies that the decay of toponium resonances would be saturated by the decay 

of each constituent [6,7], and we may estimate the decay process reliably using the 

electroweak perturbation theory. Also, for mt }Z lOOGeV, Tt becomes so large that the 

resonance structures are smeared, and various resonance states begin to interfere with 

each other. 

Thus, we are concerned with the process where t and t are pair created and sub

sequently decay into 61V's (see Fig. 1); 

e + e - - ~/,Z -> i£("0") -> (bW+)(bW-). (2.2) 

The non-trivial and interesting part of the process is contained in the three-point Green's 
function 

K(x,y,z)„^ = (O\Tta(x)i0(y):iy(z)is(z):\O), (2.3) 

which expresses the amplitude where a It pair is created at a space-time point z and the 

((£) quark decays at another point x (y). This three-point function contains the binding 

effect of QCD interaction, in the absence of which it reduces to the product of t and 

I free propagators. Since the created i and t will have small velocities near threshold, 

the system related to this Green's function may be regarded as a non-relativistic t and 

t system which is bound by the static potential V(] r-] — r 2 |) to form the toponium 

resonances. It is expected that the process probes the short distance behavior of the 

potential due to the large top quark mass. 

175 



Figure 1: The diagram for the it pair production process and their subsequent decays 
into 6H"s. The box with the dashed line shows the three-point function K(x,y,z) that 
carries the information of the toponium resonances. 

The main contribution to the potential V(r) comes from the QCD interaction. 
At short distances r <C A Q C D , the perturbative picture of one-gluon exchange becomes 
valid, and hence V(r) behaves like the Coulomb potential near the origin: 

V(r) ~ - C f A (2.4) 
T 

with the color factor Cp = 4/3. We note therefore that there are three typical time 
scales in this system, namely 

I',"1 top lifetime, (2.5) 

«o = (a .mi)" 1 Bohr radius, (2.6) 

a-o/a, (Coulomb level) - 1 . (2.7) 

Let us first examine the time evolution of the system in the case where T^1 ^> 
ao/o« S> ao' Suppose that at t = 0, a it pair is created at the space point x = 0 
in the depth of the QCD potential (see Fig. 2). At this moment, the wave packet of 
the it system is like a 6 function (with the size of ~ l /m ( ) at the origin, which is the 
superposition of all plane waves with an equal weight: 

tf(x)| =*»(x) = /£& e *-*-*' | . (2.8) 
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Figure 2: A figure that shows the time evolution of the non-relativistic tt system. 
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All the plane waves quickly spread outwards from the origin x = 0. Each plane wave 
spreads until it reaches the potential barrier at a distance of the Bohr radius. It is 
then bounced back and starts oscillating within the potential wall. The fastest wave 
(we are concerned with the group velocity here) will reach the barrier at the time 
t — ao ( |p| = oo). Lower momentum waves will reach there successively. It is from the 
time t ~ ao/Qj, when the typical waves related to the bound states reach the barrier, 
that the concept of various resonance states becomes meaningful. We may then say 
that the toponium is formed. The velocity of the typical wave is equal to a,, which is a 
familiar picture for the Coulomb potential problem. These resonance states will remain 
until the t or t quark decays at the time scale Tf2. The waves that have momentum 
less than Tt/a, will never reach the potential wail. 

In the realistic case, mt ~ 100 to 200GeV, the lifetime of top quark and the time 
scale for resonance formation are of the same order of magnitude [2], 

r,"1 ~ a0/a,. (2.9) 

It is then expected from the above picture that this system will probe the QCD potential 
since 

T"1 » a0, (2.10) 

so that the waves oscillate a considerable number of times within I lie potential barrier 
before the decay occurs. Also, because 

rr 1 < A ^ D , (2.ii) 
t and t quarks decay via the electroweak interaction before the hadronization effect 
becomes significant [8,9]. Lower momentum waves with |p| $ Tt/a, do not feel the 
QCD potential. Thus, we are free from the uncertainties coming from QCD interaction 
at long distances. It has been confirmed [2,3] that indeed the total cross section in the 
threshold region is quite insensitive to the long distance behavior of V(r). 

The characteristic features may be summarized as follows. High momentum waves 
with |p | > Tt/a, ~ l / a 0 reach the potential wall before the top decay, and the it 
production cross section will be affected by the toponium resonance formation. On the 
other hand, the lower momentum waves with jpj < Tt/a, do not reach the potential 
wall, and the details of the multiple resonance structure which would be expected for a 
stable top quark will be smeared out. We are no longer able to resort to the spectroscopy 
to determine the form of V(r). It is therefore necessary to consider the interplay among 
the various resonance states. 
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(°s/fl)--

-̂1 
Figure 3: The ladder diagrams for the process 7" —> qq. The diagram where the n 
uncrossed gluons are exchanged has the behavior ~ (a , / /?} n near threshold. 

3 Threshold Singularities 

It is well-known that near the threshold ot quark-antiquark (qq) pair production, the 
naive perturbation theory breaks down due to the formation of bound states [10,11]. 
Intuitively, this is because q and q exchange gluons between them for a number of times, 
since q and q have small velocities near threshold. In this section, we briefly review this 
property in the case where q(q) is stable. We demonstrate explicitly that the ladder 
diagrams exhibit the gauge invariant leading singularities. 

Let us consider the amplitude where a virtual photon decays into quark and anti-
quark, 7" —> qq, just above the threshold of qq pair production. We neglect the decay of 
q(q) in this section. As we will see in a moment, the ladder diagram for this process where 
uncrossed gluons are exchanged n times between q and q has the behavior ~ (a # / /3) n . 
Here, /? is the velocity of q or q in the cm. frame, 

See Fig. 3. It then follows that the higher order terms in a, are not suppressed in the 
threshold region where j3 ^ a,. The singularity which appears at this specific kinemat-
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Figure 4: The Cutkosky rule for evaluating the imaginary part of the 1-loop diagram. 
The factors in a, and /? are shown explicitly. 

ical configuration is known as "threshold singularity".1 

We may observe these behaviors directly in the imaginary part of the diagrams. 
First, consider the 1-loop diagram. A handy way to identify the order in /? of the 
imaginary part of the diagram is to use the Cutkoskj rule (cut-diagram method), see 
Fig. 4. Then, the imaginary part of the I-toop diagram is given by the phase space 
integration of the product of the tree diagrams. 

The intermediate qq phase space is proportional to 0 as 

d$2{qq) = — - d c o s i 
107T 

(3.2) 

where 9 is the angle between the momenta of the intermediate quark and the final quark 
in the cm. frame. 

Meanwhile, simple kinematics shows that the gluoji propagator is counted as ~ 
1//32 in the leading order in /?. In particular, the leading part of the gluon propagator 
(in ii(-gauge) only comes from the instantaneous part as 

-KSw ~ jl-t)<l»'b'/q2) _^ - ' 
q2 + it —q2 + it 

with 

2 s/3 2 

0M0«vO» (3.3) 

-(i -cose). (3.4) 

'This singularity stems from the fact that, for a particular assignment of the loop momenta, all the 
internal particles can become on-shell simultaneously as {3 —t 0. 
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gators arc counted as ~ 1//32, and the measure for each loop integration ifi/(27r) 4 as 
-~ 0*. 2 For the above internal momenta, again the leading part of the gluon propagator 
is instantanous as in (3.3). To check this explicitly, note that the time component of the 
gluon momentum (3.7) is one order higher in /? as compared to the space components, 
and that the off-shell quark and anti-quark wave functions are given by 

p f m = 7,i(l -I- 7°) - p V + 0(/32), (3.8) 

-p + m = m(l - 7°) + Pklk + 0{/32). (3.9) 

Other diagrams, including crossed gluon diagrams, do not exhibit the leading 
singularities, but contribute to the non-leading corrections [12,13]. The leading singu
larities — (tt,//3)" are contained only in the ladder diagrams, and these terms should 
form a gauge invariant set. It is ensured by the gauge independence of the leading part 
of the gluon propagator (3.3). 

As the higher order terms in a, can no longer be neglected near threshold, we 
are led to first sum over the leading threshold singularities, and then regard the sum 
as the zeroth order part of a new perturbative expansion. The expansion parameter 
will then be taken as at and /? near threshold, since formally both a, and /? give the 
same effect to the leading singularities ~ ]Tn (a, //?)". Namely, the powers of/? should 
be counted as the same powers of a,, since a " + 1 / / ? " = a,(a,//3)n = /3(cr,//3) n + 1. Note 
that the expansion parameter /? is guaranteed to be small if a, is small, because we are 
interested in the summation of the leading singularities only in the kitiematical region 
where the naive perturbation theory breaks down (0 < a,) . 

4 Non-Relativistic Formulation 
In this section, we show the non-relativistic Hamiltonian formalism to include the 

multiple exchange of instantaneous gluons between t and I in the threshold region. We 
derive formulas for the differential and total cross sections in terms of Green's function of 
the Schrodingcr equation. The formulation presented here is equivalent to summing over 
the leading singularities contained in the ladder diagrams [2j. Systematic pcrturbative 
expansion in terms of «, and 0 will be discussed elsewhere [4]. 

r I n general, in counting the powers of/? of a loop integration, the singularity of the integrand will be 
increased if one assigns large powers of/? to the propagator denominators of the internal particles, but , 
at the same lime, tire integration measure will be more suppressed. The optima] assignment of the order 
in 0 to each momentum that exhibits the most singular part is given in eqs. (3.6) and (3.7). 
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It is known (14] that near the threshold of heavy quark anti-quark pair creation, 
the QCD interaction between the pair is approximately described by the non-relativistic 
Hamillonian with a spin-independent instantaneous potential 

+ iy>x' 1^ ,l'(|x--x'|)Mi (4.1) 

with rj>i = ^ ; (x , t ) , T}>\ — V>;(x',t). V>i and i/>2 denote i and t fields, respectively. They are 
two-component spinors satisfying 

1 +1° 
1 V>i = V>i, ( 4 . 2 ) 

2 

1 - 7 
•*/>2 = V>2- ( 4 . 3 ) 

2 

The potential V(r) in the leading order approximation is given by the Coulomb potential 

!2j 

V(r) = -CF^ (4.4) 
r 

with the color factor Cf = 4/3. The higher order corrections modify the potential 
considerably [2,3], which will be incorporated in the analysis given in the next section. 

It is easy to find the propagators of this system for the one-particle and the two-
particle states. For the one-particle states, since i or t has no partner to interact with, 
the propagator is given by that of a free particle as 

^ ^ x ; ^ y ) = / ^ p 0 _ ; ; ; ; ( ; ; 2 ^ + i , t . ( 4 . 5 ) 

Note that we chose the boundary condition such that Kj vanishes for i ° < y°. For the 
two particle states, we may split the propagator into two parts as 

/ f2 (x 0 , x 1 , x 2 ; y ° ,y 1 , y 2 ) = KG(x°, xa;y°,ya) KT(x\xr; y\yr) (4.6) 

where KG and KT represent the propagators in the cm. coordinate and in the relative 
coordinate, respectively, with 

(4-7) 
(4.8) 

Xl + X 2 
G = 2 ' y c = ^ 
•T = X ] — X 2 , yr = yi - ya-

IK.'-i 



KG is a free propagator given by 

Kc{*\ x; y\ y) = / A . - 5 — ^ , . . ^ . , (4.9) 
y i"J p° - 2m, - p 2 /4m t + 26 

while Kr may be identified with the kernel for the time-dependent Schrodinger equation 

L^L + V(\X\)-i^L\Kr(x°,x-,y°,y) = -i5\x-y) (4.10) 

with the boundary condition KQ,KT = 0 for x° < y°. 

We are now ready to express the three-point function K(x,y,z) in (2.3) in terms 

of the propagators Ki and K2, see Fig. 1. Out of 6 different time orderings of the 

operators in K, only two orderings are relevant in the non-relativistic approximation, 

namely 

K(x,y,zU,tB = {0\Tta(x)tg(y) :i^(z)t6(z):\0) 

= {^)J^-)sff{fd3rK,(x°,x-,y°,r)K2{y°,r,y-,z\z,z) 

+ Jd3rK1(y0,y;x°,v)K2(xa,r, x ; A z , z ) j . (4.11) 

Note that, due to the boundary condition of the propagators, the first term on the right 

hand side of the second equation survives only at x° > y° > z°, whereas the second 

term is non-vanishing only at y° > x° > z°. The first term represents the case where 

a it pair is created at time i = z°, propagates while forming the toponium resonance 

until t = y°, when the anti-top quark decays via the electroweak interaction, and the 

remaining top quark propagates freely until it decays at t = x°. The top quark decays 

before the anti-top quark in the latter term. It can be checked that eq. (4.11) gives the 

correct non-relativistic limit of the relativistic three-point function for V(r) = 0. 

By taking the Fourier transform of (4.11), we obtain the three-point function in 

momentum space as 

K(Pl,P,U,S0=^-~^ ^-Y~) G{p;E)\D(pt) + D(Pl)} (4.12) 

where D{p) represents the non-relativistic propagator 

< P W V - ™ « - p V 2 m t + i r . / 2 - ( 4 J 3 ) 

We set the 4-momentum of t and t, respectively, as pt = (p°,p), pi = (p0,— p) with 

p° + p° = 2mi + E. Here, we introduced the top quark width in place of the ie prescrip

tion ia eq. (4.13). The Green's function G(p; E) is defined as the Fourier transform of 
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the toponium Green 's function G(x; E), which satisfies the t ime-independent inhomo-

geneous Schrodinger equation: 

{ - ^ + F ( r ) - ( £ + i T ) } G ( x ; j E ) = *3(x)' ( 4' 1 4 ) 

6{p;E)= fd3x.e-ipxG(x;E). (4.15) 

Here T Q , the decay width of the toponium, is introduced in the Schrodinger equat ion 

to take into account its uns tableness . 3 

It is shown [3] t ha t in order to incorporate the considerable phase space suppression 

to the decay tt —> b\V*b\V~ below threshold, one should in t roduce the running of the 

toponium width as 

r s ( f i , P ) v/2 4TT f ' ~ ^ ^ 2 

with 

and 

TJI = (1 - Zw2 + 2w3) + (3 + 3w2 

V2 + 7w2 -
26 

„2 ' 

(4.16) 

(4.17) 

(4.18) 

(4.19) 

It is demons t ra ted tha t the use of running width is impor t an t in calculating the tota l 

and differential cross sections consistently near threshold. The method for evaluat ing 

the Green 's function with the running toponium width FQ(E,P) is presented in Ref.[3j. 

By using the three-point function (4.12), we can compute the helicity ampli tudes 

for the process e + e ~ —» bW+bW~: the T-matr ix element in m o m e n t u m space is wr i t ten 

explicitly as 

T,i = v/2 " , l " 7 2 
75, 9w, 2VY T / f u * 

't"w* '~/2 ' 
•75 

-"llp^w-

(H 1 ") iLT1)60

 6 ( p ; E) [D{pt] + D{pi) 

Y: [»W+«W7.U^ 
i 

V=7,Z ? 2 — m2

v + irnvTy *«+("v7 P + i i '7 ( .75)««-i 

(4.20) 
3The Hamiltonian (4.1) dictates the QCD interaction of t and f, which is defined to operate in the 

subspace oft and i. Theelectroweak interactions responsible for their decays are treated as a perturbation, 
which may be effectively included as the anti-Hermitian part in the Hamiltonian. 
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where v'v and a{- denote the vector and axial-vector couplings of fermion / and neutral 
vector boson V {= 7, Z), respectively. It is also straightforward [15] to include the sub
sequent II'' decays in realistic applications (16). Correlations among the decay products 
that are expected for heavy top quark decays [8,17] can hence be incorporated natu
rally along with the enhancement factor due to the Green's function G(p;E), which 
is essentially the summation of the leading singularities ~ 52„(as/f3)n. It should be 
noted that the QCD correction factor G(p; E) not only depends on the total energy 
v/s = 2m, + E but also on the three momentum p of the bW system in the collision cm. 
frame. In this paper, only the S-wave component of the Green's function is evaluated 
exactly since the P-wave amplitudes from the top quark axial-vector coupling is absent 
for the non-relativistic ( and i wave functions in (4.12). Detailed studies of the QCD 
corrections to the P-wave amplitudes are discussed in Rcfs.[18,19,20]. 

The differential cross section is obtained from the above T-matrix elements as 

da = — E\Tti\2 d$t{bW + bW-), (4.21) 

where £ denotes summing over final particle helicities and the color degrees of freedom 
and averaging over initial e* helicilies, and d^i(bW+bW~) denotes the Lorentz invariant 
4-body phase space factor. Integration over the final state phase space of the differential 
cross section (4.21) gives the total cross section at a given cm. energy, -^/s = 2m ( + E. 

On the other hand, the total cross section can be obtained directly from the 
Green's function without performing the phase space integration. The optical theorem 
relates the top quark contribution to the total cross section and the photon vacuum 
polarization tensor n['"(g) as (see Pig. 6) 

Figure 6: Diagram representing ll?"(q). 
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a, 0 , (e + e- -> tl) = ^ ( - < 7 „ „ ) Im HfM, (4.22) 

where we have included only the photon (V = 7) as the intermediate vector boson 
for brevity. lis four-momentum is set as 5 = (2rrii + £ ,0) in the cm. frame. It is 
straightforward to obtain U^"(q) by taking steps similar to those that lead to the three-
point function K(p,,pt) in terms of <5(p; E) in (4.12). We find 

nrw = 3 - (4 e ) 2 ' ' ' .1+7° . . , ! T o 7 2 ' 2 
G(x = 0;£) 

= 3-^-{q"q"ls-gnG{^ = 0\E). (4.23) 

Inserting (4.23) into (4.22), we obtain 

„,ot(e+e- ^tr)=1-^-ImG(x = 0;E). (4.24) 

Therefore, the total cross section is obtained from the imaginary part of the Green's 
function at the origin [1,2], ImG(x = 0;E), as well as by integrating over the differential 
cross section (4.21) which is proportional to the square of its Fourier transform G{p; E). 

5 Cross sections 

Here, we review briefly the quantitative analysis given in Ref.[3]. This analysis is not 
in the final form in that it is based on the leading order calculation, together with 
some of the higher order corrections, which turn out to give order 10% corrections. The 
calculation including the full order a, (= order /?) corrections will be given in a future 
publication [4]. 

We note that all figures presented in this section are based on the calculation 
of essentially one diagram (Fig. 1), since only this diagram is enhanced due to the 
threshold singularities. In order to make the theoretical predictions clear, initial state 
radiation effects are not taken into account. Studies including both initial state radiation 
and beamstrahlung effects have been presented elsewhere [21]. All the cross sections 
are calculated with the two-loop improved QCD potential presented in Ref.[3]. Also 
included is the normalization correction due to the hard gluon exchange at the vector 
it vertex 

1 • SU./3TT, (5.1) 

which has been conventionally included in the calculation of quarkonium resonances [22]. 
In this factor, a, is evaluated at y. = m, in the MS scheme. The Green's function in the 
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following formulas are evaluated numerically as explained in detail in the appendices of 
Ref.[3]. 

First, we discuss the total cross section including the Z° contribution. Total 
production cross sections are calculated directly from the formula (4.24) 

„.,,.,-.,r^*-, - ,*«(,-fcflfi-£6^ g±|fl 
x Im G(x = 0; E = Vs - 2mt), (5.2) 

where the above vertex correction and the Z" contributions are shown explicitly. The 
coupling factors are ve = (-±+2s2)/2sc, vt = ( | - | s 2 ) / 2 s c , at = - l / 4 s c w i t h s = sin<V 
and c = cos6w, and Q, = 2/3. We set a = 1/128, sin2 6W = 0.23, mz = 91.17 GeV 
and mw = 80 GeV in the following examples. We note that we have neglected the 
contribution proportional to the top quark axial-vector coupling at, which gives rise to 
an order /? 2 correction to the total cross section, and can be safely neglected for the 
practical purposes [19,23]. 

In Figs. 7(a), (b), (c) are shown the total cross sections near threshold for mt = 
100, 150, 200 GeV, respectively, for three values of a,(mz)j^\ 0.11, 0.12, and 0.13. As 
mt increases, the resonance structure is smeared out, since the top quark width r ( 

increases rapidly, ( r , = 0.095,0.90,2.5GeV, respectively for m, = 100,150,200GeV.) 
Also, the peak height decreases as it is proportional to IY . In each figure, we find that 
the resonance peaks shift to lower energies and its height is increased for larger a,. This 
is because the resonance levels are lowered by the larger binding energy, and the wave 
functions of the resonance states at the origin, V\,(0), grow at the same time. 

As mt increases, the total cross section reduces as ~ 1/m 2. Also, since Tt grows 
rapidly, the sensitivity to aB is lost due to the swift reduction of the peak cross section 
and the smearing of the resonance structures. Thus, it becomes more difficult to measure 
a, accurately for a heavier top quark. 

We now turn to the differential cross sections. Differential cross sections are cal
culated using the formula 

<f<7(e+e- - . ti-. bW+bW-) = (1 - ^ ) 2 ^ - S /<f*4(6W +5jV-)|T«|», (5.3) 

where the matrix element T/; of eq. (4.20) with both 7 and Z contributions are calculated 
by HELAS [15] with the substitution of the three-point function (4.12) for the product 
of free top quark propagators. We neglected the effect of the iiZ axial-vector vertex, 
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Figure 7: (a) The total cross sections versus energy for m t = lOOGeV. 
at(mz)MS — 0.11,0.12, and 0.13 for the dotdashed, solid, and dashed lines, respec
tively. The energy is measured from the threshold: E = -fs — 2mt. (b) The same as (a) 
but for m, = 150GeV. (c) The same as (a) but for m, = 200GeV. 
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which gives the correction ~ /?cos# to the It differential distribution, and gives rise to 
a FB-asymmetry even below threshold [20]. 

After integrating out the final b\V+ and bW~ decay angular distributions and 
integrating over the virtual top quark production angle about the e +e~ beam direction, 
we find the double invariant mass distribution for the bW+ and bW~ system: 

da 6a 2m? 
dp*dp2 

Q\ 2Qivcvl +{vl + al)vj \G(P;E)\> tfrnl ( _ 8a. y 

x/J ( £ , £ ) |A f (P

2) + &F{P*)\>^>^ ( ££. + ±£_ ) , ( 5 . 4 ) 

s2 s(s - m§) ( s - m | ) 2 

;r4p 2)r,(p 2)/p 0p° i P " 

where J3(a, b) = [1 — 2(a + 6) + (a — ft)2)1'2 is the two-body phase space factor. The cm. 
momentum of the 4IV system p is then expressed as 

IPl = £*(?.?)• («) 
First, we identify the quantity which is most sensitive to the QCD interaction in 

the differential cross sections. We note that information on QCD binding effects in 
the it system are solely contained in the Green's function G(p; E) that appears in the 
three-point function (4.12). Writing 

where V"n(x) i s the wave function of the n-th resonance state, and <j>n(p) is its Fourier 
transform, we see that the energy (E) dependence of G(p; E) is essentially the same as 
for the total cross section, which is proportional to Im G(0; E). On the other hand, its p-
dependencc is given by <t>„(p), the wave functions of the resonance states in momentum 
space. Thus, the scale of the ^-dependence of G(p; E) is set by AE ~ a2TOt and 
T,, while that of the p-dependence is set by A|p | ~ a,mt. Therefore, it is best to 
look directly at the p-dependence of G(p ;£) , since this provides us with information 
independent of that from the total cross section, and also because its dependence on 
the strong binding effects extends over a wide range of the momentum ~ a,mt. As the 
differential cross section is proportional to |<5(p;£)| 2, it is possible to observe directly 
the |p|-depcndence of |G(p;Z?)|2 at a fixed energy ^fs - 2mt + E: the leading [p[ 
dependence of the cross section is easily obtained from (5.3) as 

do = 6a 2 8a, J Q ? 2Q,vtvl {v2 + apv2 

d\p\ -K { 3x> [s1 s{s - m\) {s - m\f 
x47rp 2 |G (p ;£ ; ) | 2 r s (£ ,p ) . (5.7) 
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Fig. 8 shows the |p[-dependence of |(5(p; E)\2 multiplied by the phase space factor 

47rp 2 with m, = 150GeV and E — 0. The peak shifts to larger | p | as a, increases. This 

is due to the increase of the binding energy, which contr ibutes to the kinetic energy of 

the tt sys tem. Also the peak height increases with growing a,, because of the increase 

of ]V'n(0)j as in the case of the total cross section. 

In Fig. 9, we show the (p[-dependence of <i7rp 2J(J(p;.E')| 3 at several energies. The 

dis tr ibut ions are given at four energies E = -^/s — 2m, = —6, —3,0 ,+3 GeV for mt = 

150 GeV and <*,(m.z)fjs = 0.12. There is no resonance enhancement at E = —6 GeV, 

and the factor 4 ; rp 2 | (7 (p , E)\2 is essentially flat there. A clear broad peak appears in 

the distr ibution at larger energies. The peak position shifts to larger |pj as the energy 

increases. 

Since one of the most impor tan t tasks of future e + e ~ collider exper iments is to 

measure both a, and mt in the threshold region, it is impor tan t to know what can be 

drawn from the dependences of the above cross sections on these parameters . Even 

though one may hope tha t the value of the strong coupling constant « , (Tnz) j j j will 

be well determined by the t ime of the e + e ~ collider exper iments , the present s i tuat ion 

(24,25) suggests tha t there are large higher order corrections to some quant i t ies . Since 

the short distance potential is, in principle, the best place to measure the effective short 

distance coupling of Q C D , it is desirable to have it independent ly determined in the 

top quark threshold production process. It is known [16,21,26], however, tha t there is 

a s t rong correlation between the measurement of m , and tha t of a,. In the following, 

we explain tha t the two parameters are efficiently determined by measuring both tota l 

and differential cross sections simultaneously. 

For the total cross section, if we increase a, at fixed mt, we find in Figs. 7(a)-(c) 

tha t the resonance peaks shifts to the left due to larger binding energies and at the same 

t ime the peak heights are increased. On the other hand , if we decrease mt while keeping 

a, fixed, we find tha t the peaks shift to the left as the threshold 2rnt is lowered. Also, 

the peak heights are raised due to the swift reduction of resonance widths . Therefore, 

the change in the threshold behavior of the total cross section would be small when 

both m, and a, values are simultaneously raised (decreased) appropriately. 

Now, in the case of the differential cross section, we find tha t the momen tum 

distr ibution of 47rp 2 ]G(p; E)\2 shows a peak at the momen tum scale | p | ~ a,mt. The 

peak position moves towards the right in Fig. 8 as we raise a, at fixed mt. Essentially the 

same effect is found when we raise TO, at fixed a,. The peak position of the differential 
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distribution remains almost the same when m ( and a, values are changed in the opposite 
direction such that their product aam< remains constant. 

Therefore, the correlations in the a, and m, measurements are opposite in the total 
and differential cross sections. This will in principle allow an efficiei t determination 
of the two parameters from the measurements in the threshold region. An accurate 
measurement of the jp| distribution would require a low beamstrahlung collider, a high 
resolution detector, and a good theoretical understanding of jet physics. This is certainly 
a challenge which is a worthy endeavor. 

6 Conclusion and Discussion 

We have reviewed here the physics ground and the quantitative analysis, together with 
the necessary formulation, for testing the QCD interaction in the tt threshold region. 

The large top quark width prevents the toponium system to feel the long distance 
behavior of the QCD potential so that the system is sensitive only to the short distance 
behavior of QCD interaction. As the decay of the toponium resonances are dominated 
by the electroweak process, theoretical calculation for the decay process it —> b\V + bW~ 
is straightforward. On the other hand, the non-perturbative effect involved in the for
mation of the resonances e + e" —> tf("0") can be properly handled in the leading order 
by the summation of the leading threshold singularities, which leads to the Coulombic 
structure of the resonance spectra. This should be taken as the zeroth order of the sys
tematic expansion in terms of aa and j3. We developed a non-relativistic Hamiltonian 
formulation, which incorporates correctly the leading order singularities. It is seen that 
near threshold, the il vertex would be accompanied by the enhancement factor given 
by the Green's function of the non-relativistic Schrodinger equation. 

Through the quantitative analysis of the cross sections near threshold, the impor
tance of the measurement of the differential cross secitons is addressed, as it provides the 
information on the toponium resonances independent of that from the total cross sec
tions. Moreover, it is found that the correlation between the a. and m, measurements 
are opposite in the total and differential cross sections. Therefore, the simultaneous 
measurements of the total and differential cross sections in the threshold region may al
low an efficient determination of both parameters. The resonance structure of the cross 
sections are considerably smeared out for a relatively heavy top quark, mt <; 150GeV, as 
the width of the top quark increases rapidly. In such a case, the accurate measurement 
of a, may become rather difficult. 
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In the above analysis, already some of the higher order corrections to the leading 
singularities are included. There are the hard gluon correction and the correction to 
th- potential, which have been shown to be important in matching the calculation near 
threshold to the calculation of perturbative QCD in the continuum region [23]. Another 
correction is the running of the toponium width; it reduces the resonance widths below 
threshold due to the phase space suppression, and also it is necessary to restore the 
unitarity relation near threshold [3]. Other higher order corrections are currently under 
investigation [4]. Among them, the UZ axial-vector coupling brings in the contribution 
of the P-wave resonance states at order /?, and it is found that this contribution may 
be used to determine a, for a relatively heavy top quark [20]. 
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Abstract 
The top quark, once produced, should be an important window to 

the electroweak symmetry breaking sector. We compute electroweak 
radiative corrections to the decay process t -» b + W + in order to 
extract some information on the Higgs sector and/or to fix the back
ground for some new physics. The large Yukawa coupling of the top 
quark induces a new form factor through vertex corrections and causes 
discrepancy from the tree-level W-boson longitudinal/transverse pro
duction ratio, but the effect is of order 1% or less for mji < 1 TeV. 

Today the top quark is a missing ingredient of the successful Standard 
Model, probably due to its large mass [1], However recent precision elec
troweak experiments reach the stage where constraints on its mass can be 
obtained by probing its effects through radiative corrections in the minimal 
Standard Model [2, 3). The Higgs boson, or the electroweak SU(2) x U(l) 
symmetry breaking sector, is a still more important missing block of the Stan
dard Model. Present experimental situation allows one also to investigate 
it only through radiative corrections it induces at energies now accessible. 
Recently the structure of the vacuum polarization diagrams (oblique correc
tions) has been well-organized and contributions of some new physics for the 
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SU(2) x U(l) symmetry breaking have been estimated, giving constraints for 
some models [4]. 

The top quark, once it is produced, should also be an important window 
to the Higgs sector, due to its large Yukawa coupling. We present in this pa
per electroweak radiative corrections to the decay t —• b + W + in the minimal 
standard model. In contrast to processes with only light external fermions 
(rrij -C m\y) where the Higgs boson contributes only through oblique correc
tions, in this process it induces vertex corrections as well as corrections on 
external heavy particles (t, W + ) , and changes the form of the interaction, 
namely induces new form factors. We calculate radiative corrections to each 
form factor and examine their physical implications. 

The decay t —* b + W + is caused by the interaction lagrangian 

^ = 6 / ( i - 7 s ) * i y ; , ( i) 

in the lowest order, where g is the SU(2) gauge coupling constant. The 
effective off-shell decay is represented in general with six form factors as can 
be known by helicity counting: 

(2) 

Here p" and q* are the momenta of the initial top quark and the final W 
boson, respectively. These form factors may contain physical information be
yond the Standard Model, e.g. anomalous gauge coupling of the top quark, 
so deserve scrutiny. If we neglect mi/rnw radiative corrections in the Stan
dard Model induce two new form factors Gj, and I<i, besides Fi. When the 
W boson is set to on-shell or subsequently decays to massless fermions Kj, 
is unobservable. Therefore we can express the on-shell decay amplitude iM 
with radiative corrections in the Standard Model with two form factors: 

iM = i j j j . 1 * , (1 - Tt)t[l + 6F) + i ^ = ( p • t'w)b(l + i^tSG. (3) 

tw is the W polarization vector and both SF and SG are contributions of 
radiative corrections. 

JfcHWl-T) + Ffl7*(l + 7s) 

+GLp"(l+ts) + G j ^ ( l — f t ) 
+i<Lq"(i + is) + *W(l-7s)}W;. 
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In the calculation we neglect mt/mw and also (m^|mw)\og(•m\,|mw), 
so diagrams in which the Higgs boson couples to light (~ b) fermions are 
not taken into account. Namely the bottom quark mass m\, is set to zero, 
unless there appears logarithmic dependence on mj that prevents taking 
massless limit. We compute vertex corrections and perform wave function 
rcnormalizalion on external lines. Infrared divergences were regularized by 
introducing ficticious photon mass A. In the final result there is of course no A 
dependence where contributions from initial and final soft photon radiations 
are taken into account. Instead, ui, the upper limit of the soft photon energy 
in the rest frame of the top quark, which is to be regarded as the energy 
resolution of the experimental apparatus, appears as a parameter. 

SG contains neither ultraviolet nor infrared divergences. The countert-
erms contribute only to SF so SG cannot contain ultraviolet divergences. The 
soft photon radiation contributions, which are to cancel the infrared diver
gences, can appropriately be treated in the eikonal approximation. By the 
cikonal approximation it is meant that the soft photon momenta appearing 
in the numerators are neglected. And in the soft photon limit the three-body 
phase space of b, W + and 7 factorizes into two-body phase space of b and 
\V + and the photon phase space. Then it is seen that the soft photon radia
tion contributes only to the form factor SF, which is in fact a natural result. 
Therefore SG does not suffer from infrared divergences also. 

Adding together the contributions stated so far to the form factor SF, 
the infrarted divergences cancel and an ultraviolet divergent contribution to 
the vertex is left behind: 

^ M l - 7 5 ) < - ^ ( f - 4 / V s ) A . (4) 

A is the divergent part in the dimensional regularization with space-time 
dimension D = 4 — 2e: 

A s 7 + log47r. (5) 

This divergence should be renormalized. In a so-called on-shell renormaliza-
tion scheme, if we choose a, mz and m\v as input parameters this divergence 
is cancelled by the vertex charge counterterms: 
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9 y ,, . /Se \Sm\ 1 Sm % - SrnL \ , „ 

= ^il-^t{7+2^-2 4-mC)- ( 6 ) 

Combining all the contributions together the leading logarithmic rrin depen
dence of the process t —» b + W + is, written in the effective lagrangian form, 

£ e / / ( t - b \V + ) 

= °hHi - ritw; f i + j iL ( " i o g 4 - 1 4 log 4 ) 1 ,(7) 
2V2 { (4JT) 2 24 miv lfimfo mf ) 

_ emz 

y/ml - m\v 

We emphasize again that this formula, representing the dependence on the 
heavy Higgs mass, is obtained by taking a, mz and mw as experimental 
inputs. This leading behavior was also obtained in [5, 7]. 

It is interesting to compare this result with the amplitude of t —» b + x+-
Its logarithmic dependence on m« is the same as eq. (7), 

£t„{t - b X

+ ) 
9 rn.i T , , ,, _ f, 91 ,11 , rn% 1 ml , D I B . ) ... 

= 2 ^ ^ 1 + ^ t x { 1 + ( 4 ^ ( 2 4 l 0 g ^ - i 6 ^ t l 0 g 7 # ) } ( 8 ) 

in accordance with the Goldstone boson equivalence theorem [6, 7]. We note 
that the logarithmic sensitivity to mu appears only in the SF part. 

Radiative corrections to the total decay width of the top quark were 
computed in (S, 9). Let us examine the production rate of the longitudinal 
( W L ) and transverse ( W T ) W bosons. In the rest frame of the top quark we 
denote by 0 the angle between the top spin direction and three-momentum 
of the bottom quark. Then the decay rate of the top to W T is 

dT(t - bWj) = ^ - ^ ( m ? - mfc,)(l + cos0)(l + SF + 6F-)d*t, (9) 

where d$2 is the 2-body phase space, 

^ ^ ^ . - P . - M ^ ^ d - ^ c o s , (10) 
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The form factor SG does not contribute to the process t 
decay rate to WL is 

-* b + W T . The 

«fl-(t-bW£) = —L.^-(m}-m\v){\-C0S6) 
2 2 

x(l + SF -f SF" + m ' ~ m¥-(SG + SG'))dQ3. (11) 

SG contributes to t -» b + W L , but " f f i 1 ' (6G + SG') is small. We show the 
electroweak contributions to SF + SFm and m ' ^ " " ' (SG + SGm) in fig. 1 for 
various top quark and Higgs boson masses, including the contribution of the 
soft photon radiation. These figures are obtained by taking m^ = 91.18GeV, 
m\y = SO.OGeV and 2ui = 0.9GeV. Renormalization is performed in MS 
scheme to obtain the figures, namely the divergence (4) is dropped, renor
malization point is taken as n2 = m^e and running coupling constants are 
used. What we need here are g(m2

v) and Swirriw). Here the figures are 
drawn by taking s2

v = 0.23 and Jj = jjg x 5^5. In fig. 1(a) there is seen only 
weak dependence of SF+SF' on m<. In this renormalization scheme stronger 
dependence on rrit present in the vertex corrections are accidentally cancelled 
by the renormalization. The contribution of the finite part of the soft photon 
radiation is small (of order 0.1%). We recall that SF is subject to renormal
ization and that it is renormalization-scheme-dependent. What is indepen
dent of renormalization schemes is the quantity g( 1 + SF) (up to higher order 
corrections). On the other hand SG is not subject to renormalization and 
is renormalization-scheme-independent. Therefore, in other renormalization 
schemes SF can be larger than in the scheme adopted here (fig. 1(a)), but 
SG is the same as in fig. 1(b) (up to higher order corrections). Moreover, SF 
is dependent on experimental circumstances, namely the energy resolution u> 
for soft photon emissions. However, as can be seen in eqs. (9) and (11), SF 
contributes to both processes t —» b + W T and t —* b + W L . On the other 
hand, SG contributes only to the process t —» b + W L . SO it is the quantity 
SG that causes discrepancy from the tree-level production ratio of longitu
dinal/transverse W bosons, but its contribution is quite small. Therefore 
quantities such as 
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introduced in [10], or 

' - r T T l y < 1 3 > 
introduced in [11], are not affected largely by radiative corrections irrespec
tive of experimental circumstances, through which one can probe anomalous 
gauge couplings of the top quark caused by new physics, e.g. some dynam
ical symmetry breaking scenario [12]. The enhancement factor m|/2m?(, of 
production rate of WL to W T is quite stable against the Standard Model 
electroweak radiative corrections and provides us with a clear window for 
new physics. 
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Abstract 

Higgs mass in the supersymmetric standard model is reviewed. Taking ac

count of the radiative correction due to the large top Yukawa coupling, the 

upper bound of the lightest neutral scalar Higgs boson mass is less than 150 

GeV if the top mass is not very heavy (i.e. < ISOGeV). 

One of the most important questions beyond the standard model of ele

mentary particle physics is whether the idea of grand unification is correct or 

not. Grand unified theory (GUT) has many attractive features (gauge cou

pling unification, charge quantization, etc.) and predict a grand desert[l]. 

On one hand, this gives us an opportunity to understand physics near Planck 

scale within the framework of perturbation theory. On the other hand, as 

pointed out long time ago [2], a fine tuning of many orders of magnitudes is 

necessary to keep the weak scale very tiny compared to the GUT scale. 

Supersymmetric grand unified theory(SUSY GUT)[3] was introduced to 

solve the above mentioned hierarchy problem by a symmetry principle. Since 

SUSY theories do not induce quadratic divergence in scalar mass renormal-

ization the mass hierarchy is not disturbed in higher orders if it is set at the 
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tree level. Recently, this theory has been attracting much attention since the 

Weinberg angle determined from precision measurements of the electroweak 

theory at LEP is shown to coincide the prediction of SU(5) SUSY GUT[4]. 

In the supersymmetric standard model, the Higgs sector is quite restric

tive. In order to be a realistic model it has to contain at least two Higgs 

doublets. Furthermore, it has been long known that in the minimal SUSY 

standard mcdel interesting mass relations are satisfied among five physical 

Higgs particles at the tree level[5]. The most importantly, one of them pre

dicts that the mass of the lightest neutral scalar should be smaller than the 

Z° boson mass. Therefore this Higgs was expected to be found in the LEP II 

experiment if SUSY is a phenomenologically relevant symmetry. But this sit

uation has changed since it was pointed out that the Higgs mass receives the 

large radiative correction from the top Yukawa coupling[6j. The correction 

to the mass square of the lightest neutral Higgs is proportional to the fourth 

power of the top mass and becomes large and positive when stop, the scalar 

partner of top, becomes much heavier than top. For example, the upper 

bound becomes about 120 GeV when the top mass is 150 GeV and the stop 

mass is 1 TeV. Therefore, LEP IT cannot cover the mass range of the lightest 

Higgs in the minimal SUSY standard model. In general, the upper bound of 

the lightest Higgs mass lies in the intermediate region (mz < m^ < 2mw) 

where Higgs search in SSC and LHC is rather difficult. 

Higgs mass in Standard Model 

Before discussing the Higgs sector in SUSY models, let us consider im

plication of the Higgs mass in the standard model. In the standard model, 

we introduce a Higgs doublet to break the electroweak symmetry. The Higgs 
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potential is given by 

V = m2^ + \\4>\\ (1) 

and taking m 2 < 0, SU('2) x U{\) symmetry is broken to the U(1)EM sym

metry. Taking the vacuum expectation value of $ as 

where u = 246GeK, the Higgs mass (m/J is given by 

ml = 2\v* (3) 

Therefore, this mass is determined by the Higgs self-coupling A. The relation 

between A and the Higgs mass is very instructive. When A is large, hence 

Higgs is strongly interacting, we have a heavy Higgs, while A is small, hence 

perturbation theory is most reliable, the Higgs boson becomes light. We 

can further determine the scale where new physics should enter by solving 

renormalization group equations (REGs) of coupling constants[7]. In the 

standard model, the relevant coupling constants are three gauge couplings 

(Si,i = 1,2,3 for U(1),SU[2),SU{%)) and the top Yukawa coupling {yt) and 

the Higgs self-coupling (A). We can safely neglect the Yukawa couplings other 

than yt because these are small. The RGEs determine the strength of the 

above coupling constants as functions of energy scale. At one loop level, the 

renormalization equation for A is given by the following: 

+ « ( ^ + |*?sS + ^ ) - 6 » ? } . (4) 

where ft is an energy scale. 

From the above equation we can see thi t when A is large at weak scale, 

hence Higgs is heavy, the first term of the right hand side dominates and A 
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grows quickly as the energy scale goes up and blows up below the Planck 

scale. When this happens we consider that some new physics has to comes 

in below the blow-up scale. The coupling How diagram when the top mass is 

130 GeV is shown in Fig 1. Requirement that the A coupling does not blow 

up right above the weak scale gives 600 ~ 800 GeV as an upper bound of 

the Higgs mass which corresponds to so-called triviality bound[7]. And if the 

theory remains perturbativu up to the GUT scale the Higgs must be present 

below about 200 GeV[8]. 

On the other hand in the case of light Higgs and heavy top, A becomes 

negative as the scale goes up as shown in Fig.l.(b). In this case we again 

expect some new physics below that scale since a negative A suggests some 

kind of vacuum instability. 

Higgs Sector in SUSY Standard Model 

We have seen that in the GUT scenario the Higgs mass is expected to be 

below 200 GeV. However, in the minimal SUSY standard model the upper 

bound of the lightest, neutral scalar Higgs is much lighter, i.e. about 150 GeV 

for reasonable range of top and stop masses. 

In this model we introduce a superpartner for each particle of the standard 

model. For the Higgs sector at least two weak doublets are necessary to givt 

masses to both up and down type quarks and also to cancel anomaly in 

the fermionic sector of the Higgs supermultiplets. From the requirement of 

SUSY, interactions are very restrictive. Especially the Higgs potential at the 

tree level is given by the followings: 

V,™ = m ? | t f , | , + m l l f t | , - m » ( f f l f f , + ff;#j) 

+ ̂ ( f l , W 1 + HIT°H2? + '&[H\HX - HlH,)1, (5) 

a>7 



where H\, H2 are two Higgs doublets. Note that the H* terms are all given by 

the gauge couplings gt and gi. After the electroweak symmetry breaking, we 

have five physical Higgs modes: two neutral scalars h, 11 and a pseudo scalar 

A and a charged Higgs H±. For the phenomenological analysis it is convenient 

to take the vacuum expectation value v, the vacuum angle tanS = *jj[|^ and 

the pseudo scalar mass rriA as independent parameters instead of mj, m ^ m ' 

in the Lagrangian. Then the light scalar mass (mh] the heavy scalar mass 

[m.n) and the charged scalar mass (»Ji//±) can be expiessed as functions of 

these parameters. At the tree level, we get the following mass relations [5j: 

"i/i < rnz\cos'26\ < m z < mH, (6) 

m2

H± = mA + m\v. (7) 

In Fig. 2.(a), we show the two neutral Higgs mass at the tree level as a 

function m-A and tan B. The upper bound of ;»/, is saturated when m.\ 3> mz 

and tan 6 is large. In fact when mj S> mz the effect of A, H, H± decouples 

from low energy and the lightest neutral Higgs h becomes almost the standard 

model Higgs. 

When we consider the radiative correction due to the top and stop loop 

we obtain the y* term in the effective potential. One loop correction when 

m, (stop mass) 3> mt (top mass) is given by 

AV = jh^ln^h + l)lfI^ (8) 

Then the neutral Higgs mass becomes 

Ĵ (2ir)J v* mf 

Note that the correction term is proportional to ln{m\lm]), then the correc

tion becomes large when the stop mass is much bigger than the top mass. 

This is because this term essentially comes from the SUSY breaking effects. 
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For ms = ITeV, we get 

mh < V20GeV for m, = loOCel' 

m,, < UOGeV for mt = l75GeV, 

including other small corrections[9]. Not only the upper bound of m/, but 

also the allowed region of the various Higgs masses is substantially modified 

when we include these radiative corrections. An example is shown in Fig.2.b 

with ra, = 150GeVr and m, = ITeV. We can see drastic changes from the 

corresponding tree level graph. 

Overall conclusion is that in the SUSY standard models we can expect at 

least one light Higgs below 150 GeV if top is not too heavy (i.e. < ISOGeV). 

The radiative corrections due to the top and stop loops are significant and 

the tree level analysis has to be revised with these corrections. Since LEP 

II could miss the lightest Higgs of the SUSY standard model, it becomes 

more and more important to know how to discover the Higgs boson in the 

intermediate region in the future experiments such as SSC, LHC, and e + e~ 

colliders like JLC. 
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Figure Captions 

Fig. 1. 

The flow of the Higgs self coupling constant in standard model as a 

function of energy scale when the top quark mass is 130 GeV. Fig l.(a) 

and (b) correspond to the cases that larger and smaller Higgs masses 

respectively. 

Fig. 2. 

Nuetral scalar Higgs masses in the SUSY' standard model as a function of 

pseudo scalar Higgs mass for various values of tanB. The solid (dashed) 

line corresponds to the light (heavy) Higgs mass. Fig. 2.(a) shows the 

tree level mass and (b) takes account of the radiative corrections from 

the top Yukawa coupling when the top mass is 150 GeV and the stop 

mass is ITeV. 
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A B S T R A C T 

The ability of future e*e~ colliders to study the supersymmetric Higgs sector is 
examined. The efT.vts of the radiative corrections are included. A global analysis 
is given for the production cross sections of the neutral Higgs bosons over the full 
parameter spare of the Iliggs sector, which clarifies the integrated luminosity necessary 
for the detect ion of (he neutral Iliggs bosons. The branching ratios of the three neutral 
Iliggs bosons are also computed. 
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An important task for high energy physics is to reveal the nature of the Higgs sector 

responsible for the electroweak symmetry breaking. Present and future e + c " colliders 

are expected to play important roles in the study of the Higgs sector because of their 

clrati experimental environments. In this investigation, the capabilities of e+e~ col

liders are illustrated for the study of a weakly-interacting Higgs sector. Quantitative 

analyses are given for the study of the Higgs sector in the minimal supersymmetric 

standard model (MSSM) [1], which is one of the most attractive candidates among 

the models with a weakly-interacting Higgs sector. In this model, the upper bound 

on the mass of the lighter neutral CP-even Higgs boson is increased due to the effect 

of the radiative corrections [2-7] beyond the region accessible at LEP II, and lies in 

the intermediate mass region (M\v & MH ^ 2A/n/). Therefore, high luminosity e + e~ 

linear colliders, which can explore quite a wide range of the mass of the neutral Higgs 

boson, are necessary to investigate all the permitted region of the mass of the lighter 

Higgs boson in the MSSM. In general, high luminosity e + e " linear colliders are very 

useful to probe the Higgs sector of models with weak-scale supersymmetry. We exam

ine the production of the Higgs bosons in the MSSM at these high luminosity e + e~ 

linear colliders including the effect of the radiative corrections to the Higgs sector. In 

particular, we perform a global analysis for the production cross sections and clarify 

the requirements in the design of such colliders. We compute the decay branching 

ratios of I he neutral Higgs bosons, which are also substantially modified due to the 

effect of the radiative corrections. 

The Iliggs sector of the MSSM contains two Higgs doublets and consists of five 
physical degrees of freedom: two neutral CP-even Higgs bosons, ( / / ] , Hi), one neutral 
CP-odd Higgs boson (Up), and one charged Higgs boson ( # * ) . At lowest order, the 
Higgs sector is parametrized in terms of two parameters, the physical mass Mp of the 
neutral CP-odd Higgs boson, and tan/9 which is defined as the ratio of the vacuum 
expectation values. The inclusion of the radiative corrections is necessary, because 
the lowest order predictions are substantially modified if the top quark is heavy. The 
radiative corrections to the Higgs mass matrix are computed in [6] in the on-shell 
^normalization scheme by the decomposition of the on-shell self-energies. When the 
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1-loop radiative corrections are comparable to, or bigger than the lowest order matrix 
elements, the radiative corrections to the Higgs masses should be improved by the 
inclusion of higher order corrections beyond the rigorous 1-loop treatment of the poles 
of the on-shell propagators. This improvement can be performed by diagonalizing the 
mass matrix. From the estimate of the leading 2-loop order corrections, it is verified 
that (he other higher order corrections are negligible in the diagonalization of the mass 
matrix. Therefore, the diagonalization of the mass matrix is a reliable method without 
introducing further higher order corrections. The couplings between gauge bosons and 
Iliggs bosons can be also improved by this diagonalization. The radiative corrections to 
the mass of the charged Higgs and to the triple Higgs boson vertices are also included. 

In this investigation, we consider the radiative corrections due to the loops contain

ing top and bottom quarks and their superpartners. The other corrections are quite 

small. The computation of the radiative corrections requires a number of input pa

rameters: m,, tan /?, M,j, ft and A,,. The parameter A/$ is the supersymmetry breaking 

sqiiark mass, )i is the supersymmetric Higgs mass, and Aq is the supersymmetry break

ing trilinear coupling. For simplicity, the supersymmetry breaking squark masses and 

the supersymmetry breaking trilinear couplings are taken to be equal for all squarks. 

For the top mass m,, we take m (=100, 140 and 180 GeV as representative values. Note 

that the upper hound on the top mass from electroweak precision measurements also 

holds in the case of the MSSM [8]. For the value of tan/?, we respect the theoretically 

motivated constraint on tan/?, 1 < tan/9 < mtjrni [9]. In the present investigation, 

(he superpartners are assumed to be sufficiently heavy that they can not participate 

in the decay channel of the neutral Higgs bosons, and their contributions to the 1-loop 

imUicpd couplings of Higgs bosons are negligible. Therefore, we take A/$ = 1 TeV and 

// = 500 GeV. For the value of Aq, we take Aq = 2M$, for which the mass of the lighter 

Higgs boson gets almost maximal enhancement. The mass spectra of the Higgs bosons 

are given in Fig. 1. The detection of at least two Higgs bosons is necessary to reveal 

the mass spectra of the Higgs sector in the MSSM. 

First consider the production cross sections of the Higgs bosons in the MSSM. The 
relevant production processes are : 
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(i.a.b) <r(e+e- — Z~ Z1IUZH2) , 

(ii.a.b) (T(C + C- - J7 - //iff,, // 2#/>) , 

(iii.a.b) <r(e+e~ —• vi>H\, vvH2) , 

(iv) <r(c+e- — Z, 7 — H+H~). 

When the CP-odd Iliggs boson is sufficiently heavy (MP S 200 GeV) that the prop

erties of (he lighter CP-even Iliggs boson are similar to those of the Higgs boson in 

the standard model, the processes (i.a), (ii.b) and (iii.a) are useful for the discovery 

of the neutral Iliggs bosons. When the CP-odd Higgs boson is relatively light (Mp ;$ 

90 ~ 150 GeV), the processes (i.b), (ii.a) and (iii.b) are useful for the discovery of the 

neutral Higgs bosons. 

The W-fusion processes (iii.a, b) are not very useful for the detection of the Iliggs 

bosons with intermediate masses for \fi ^ 400 GeV. The production cross section of 

these Higgs bosons via the W-fusion process is smaller than that via the Z-associated 

process for yfs ;$ 400 GeV. For </s ~ 500 GeV, however, the production cross section 

via (he W-fusion process is bigger than that via the Z-associated process when the 

mass of (he Higgs boson mH & 160 GeV. In this case, the W-fusion process is useful. 

If the mass of a neutral Higgs boson is degenerate with the Z boson mass, within 

about 10 ~ 20 GeV, careful analyses are necessary for the detection of this Higgs boson. 

One of the possible methods to detect this Higgs bosons via Z-associated production 

is to observe the leptonic decay of the Z boson (Z —> e+e~,/*+/x~) in order to avoid 

(lip huge background due to the process e+e~ —<• W*W~. The detection of this Higgs 

boson via VV'-fusion production is difficult because of the huge background due to the 

processes e+e~ —« i/PZ,e+e~Z and evW. The identification of the 6 quark (the b-
flavour tagging) is very useful for the detection of this Higgs boson via Z-associated 

and VV-fusion production processes. 

We examine the search for the neutral Higgs bosons via the processes (i.a,b) and 
(ii.a,b). The minimum and maximum of the cross sections for the production of a 
neutral Iliggs boson are given in Fig. 2. To obtain this minimum and maximum, 
we first find the dominant production cross sections among the production processes 
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(i.a.b) and (ii.a.b) at each point in the parameter space (A//*,tan/?). The process which 
gives the dominant production cross section depends on the point in (Mp,inn 0). Next 
we simultaneously scan the range of values for tan/? and Mp allowed in the model, and 
search for the minimum and maximum of these dominant cross sections in (Af,p ,tan/?). 
When the masses of two CP-even Higgs bosons A/;/, and MH3 are degenerate within 
5 GeV. we sum the cross sections of the processes (i.a) and (i.b), and (ii.a) and (ii.b). 
We impose, motivated by the bound on the Higgs masses at LEP I [10], MP > 30 GeV 
regardless of the value of tan ft in the computation of the maximum. By this analysis, it 
is guaranteed that at least one of the production cross sections in the processes (i.a,b) 
and (ii.a.b) is always bigger than this minimum at every point in the parameter space 
(A//'.tan i?). and that none of the cross sections in the processes (i.a,b) and (ii.a,b) 
can be bigger than this maximum at any point in the parameter space {Mp,tan/?), m 
Fig. 2. we also show t he results of the same analyses including the VV-fusion processes. 

In general, this minimum occurs when tan/3 ^ 10 and the masses of the three 

neutral lliggs bosons are degenerate within about 10 ~ 15 GeV around the upper 

hound value of the lighter Higgs boson. At the point in (Mp,tan/?) giving this 

mimimun. /r(r +e~ —> ZIf\) and <r(e+e~ —• Z/ / 2 ) are almost equal and larger than 

<r(f*r- — / / , , / / , / / , , ) for , A < 400GeV. Themimimumofthesumofff(e + e- ^ZHt) 

and (r(r+r~ — ZII2) in (Mp,tan/?) is close to twice this absolute minimum. For 

</* S )50~.r)00 GeV, the production cross sections via W-fusion processes overtake 

the Z-associated production cross sections. (See the branches of the cross section lines 

in Tig. 2.) The mimimum of the sum of ir(e + e" —» vi>H\) and <r(e+e~ —> vi/Hi) in 

(.U/'.tan /?) is again close to twice the absolute minimum. In this minimum case, all 

four lliggs bosons in the MSSM are relatively light and will be accessible at e + e~ linear 

colliders with v/*= 500 GeV. 

In general, the maximum occurs when tan/? a 1, and <r(e+e~ —> ZHt) is completely 

dominant among the processes (i.a,b), (ii.a.b) and (iii.a,b). The cross section <r(c*e~ —<• 

t'l'Ili) overtakes <r(r+c~ — ZH\) for </s £ 450~ 500 GeV. (See the branches of the 

cross section lines in Fig. 2.) In this case, the mass of the lighter Higgs boson is 

lighter than about 80 ~ 100 GeV. Should there be an unsuccessful search for the Higgs 
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bosons at l.EP II, our analysis would be modified by the constraints MH, > 80 GeV 
ami . 1 / H l + Mp >lfi0 GeV during the scan of the parameter space (A//>,tan/J), and a 10 
~ 30 % reduction of the maximum can be obtained for m t = 100 GeV. The reductions 
are at most about 10% and are negligible in the cases of m ( = 140 and 180 GeV. 

Next we examine the production of the non-minimal lliggs bosons, e.g. the heavier 

(T-evcn neutral Higgs boson, the CP-odd neutral lliggs boson and the charged Higgs 

boson. We choose m,=\4Q GeV and use <r=10 fb contours as reference lines for the 

production of the neutral and charged Jliggs bosons. For ^/s—300 GeV, the production 

of the non-minimal neutral Higgs bosons (i.b) and (ii.a,b) can cover the parameter 

region Mr < 110 GeV, while the charged Higgs pair production (iii) can cover the 

region Mp < 110 ~ 120 GeV. For \/s=500 GeV, the former three processes can cover 

the region Mp < 190 ~ 200 GeV, while the latter process can cover Mp < 200 ~ 

210 GeV. For \ / I = l TcV, the former three processes can not cover so much parameter 

space, while the latter process can cover Mp < 340 GeV. Taking <r=l fb contours as 

reference lines, both the non-minimal neutral Higgs boson production processes and 

the charged lliggs pair creation process can cover almost the same parameter region, 

Mr < 120 GeV. The search for the heavier Higgs boson via W-fusion (iii.b) at TeV 

colliders is very difficult if the heavier Higgs boson is reasonably heavy, because the 

couplings between the heavier Higgs boson and gauge bosons are suppressed. For 

MH, ~ -J00 CieV, the production cross section via W-fusion can never be bigger than 

1 fl.. 

Next consider the decay branching ratios of the neutral Higgs bosons. The decay 
branching ratios of the three neutral Higgs boson are given in Figs. 3~5 with the masses 
of the other lliggs bosons. QCD corrections to II —> qq are included [11]. In the case 
of the lighter CP-even Higgs boson H\, the pattern of the dominant decay mode is 
almost the same as that of the Higgs boson HSM in the standard model. However, 
when both tan 3 and Mr are small, the decay Hi —» HpHp is kinematically allowed, 
and is dominant in this region. In this case, the mass of the neutral CP-odd Ifiggs 
boson should be lighter than about 30 GeV, and LEP I probes this parameter region 
110). In general, all branching ratios, except the bb and T+T~ modes, are suppressed 
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compared to those of HSM- A notable difference occurs in the branching ratio to the 

re mode. This mode is highly suppressed compared to the T*T~ mode in the case of 

the lighter Higgs boson /Y| until the mass A/#, is very close to its upper limit, while 

the branching ratios of these two modes are almost equal in the case of Hsu- This 

suppression becomes more severe as tan/? increases. When MH, is very close to its 

upper limit, the other Higgs bosons are necessarily heavy and decouple from the low 

energy theory. In this case, the properties of Hi are similar to those of HSM, and all 

the branching ratios are equal to those of the HSM a' the corresponding mass. Note 

that Mil, quickly approaches its upper limit as Mp increases (See Fig. 1). For example, 

the branching ratio of the lighter Higgs boson to the cc mode is larger than 1/3 of that 

of the Higgs boson in the standard model for MP Z 180 GeV (for rra, < 180 GeV). 

And when Mr i£ 200 GeV, the total cross section of the lighter Higgs boson via the 

Z-assoeiated process is larger than 90 % of that in the case of standard model for 

tan ft ~ 2, and larger than 95 % for tan/? £ 10 (for m, < 180 GeV). 

In the case of the heavier CP-even Higgs boson Hi, the pattern of the dominant 

decay modes is dependent on the value of tan/3. When tan/? is small, the 66 and/or 

ll ' + ll'~ mode is the dominant decay mode for relatively light MH,. Next comes the 

II, Hi mode until the It mode is kinematically allowed. The it mode is the dominant 

decay mode if it is kinematically allowed. As tan /? increases, first the 66 mode overtakes 

only the H\H\ mode, and then overtakes both the HiH\ and tt modes. When the mass 

of t he heavier Higgs boson MH, is very close to its lower limit, the two important decay 

modes H2 —• H]Ht,HpHp are the dominant decay modes. In this case, the lighter 

lliggs boson should be lighter than about 80 GeV and will be accessible at LEP I and 

II. In general, the dominant decay mode of MH, is hadronic (including the HiHi mode 

where Hi —» 66). This is a notable feature compared to the case of the Higgs boson 

in the standard model at the corresponding mass, in which case the dominant decay 

mode is to IV + H'~. This feature stems from the fact that, the couplings H^W*W~ 
and HjZZ are highly suppressed, compared to those of the Higgs boson in the standard 

model, as the mass of the heavier Higgs boson increases. For MH, i£ 400 GeV, this 
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suppression factor is larger than about 10 for tan /? ~ 1, and larger than 40 for tan /? £ 

10 (for m, < 180 GeV). 

In the case of the CP-odd Higgs boson Up, the pattern of the dominant decay 
modes is again dependent on the value of tan/?. When tan/3 is small, the 66 mode is 
the dominant decay mode until the Zli\ mode is kinematically allowed. The decay 
mode Up —> ZU\ can be competitive with the 66 mode, if the former is kinematically 
allowed. The (7 decay mode is dominant if it is kinematically allowed. As tan/? 
increases, the 66 mode first overtakes the ZH\ mode, and next overtakes both the ZH} 

and li modes. Note that when Mp (and therefore MH7) is large enough, the H^ti and 
IIpit couplings are proportional to cot 0 while those of H?bb and Hpbb are proportional 
to tan l3. In general, all of these dominant decay modes can be used for the detection 
of the lliggs bosons at c + e~ colliders. It is worth noting that the identification of the 6 
quark (the 6-llavour tagging) is very useful for the search for these lliggs bosons. Some 
of these branching ratios are also given in the analysis of the Higgs search at hadron 
colliders [12]. 

Having presented the main results of our investigation, first we estimate the lumi

nosity necessary to discover at least one neutral Higgs boson. Here we use the results 

of our analysis without the W-fusion processes. We assume an efficiency of 30 % for 

the reconstruction of the clean events and require the number of events to provide a 

3IT confidence level for a single channel of the Higgs boson production process. When 

the mass of a neutral Higgs boson is not degenerate with the mass of the Z boson, and 

lies in the intermediate mass region, we would be able to suppress the backgrounds 

without significant reduction of the signals. When the mass of a neutral Higgs boson 

is degenerate with the mass of the Z boson, we use the leptonic decay of the Z boson 

(Z —» c+e~,fi+ft~) in the Z associated production process, in order to cut the huge 

background due to the W boson pair creation. In this case, the main background 

remaining is the Z pair creation. We estimate the signal-to-noise ratio from the cross 

sections of the ZII and ZZ processes at cos0 = 0. Assuming that the neutral CP-even 

lliggs bosons are not degenerate with the Z boson, the integrated luminosity L— 0.5 

fb"' and L= 1.2 fb _ 1 are necessary for \/s=300 GeV and 500 GeV, respectively. Next 
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consider the case whore only one of the two neutral CP-even Higgs bosons is degener

ate with the Z boson. In general, the situation which requires the largest luminosity 

in this rase takes place when the prodution of the degenerate Higgs boson via the Z 

associated process is dominant in the sum of <r(e+e~ —• ZHi) and <r(e+e~ —* ZII2). 
From the analysis of the minimum of the sum of <r(e+e~ —• ZH{) and cr(e+e~ —» ZHi), 
the required luminosity is L= 20 fb" 1 and L= 35 ftr1 for ^/s=300 GeV and 500 GeV, 

respectively. Finally, when both of the two neutral CP-even Higgs bosons (and there

fore all three neutral Higgs bosons including the CP-odd one) are degenerate with the 

Z boson, and they can be distinguished from each other, the required luminosity is 

I.= 33 f i r 1 and L= 89 fb" 1 for v/s=300 GeV and 500 GeV, respectively, using the 

»i, = 100 CieV line. Therefore, we can conclude that next generation e+c~ colliders 

with i/s= 300 GeV and luminosity^ 30 f b - 1 can find at least one neutral Higgs boson 

in the MSSM. Conversely, an unsuccessful search for the lighter Higgs boson at these 

colliders means the complete exclusion of the MSSM. The case where both of the two 

neutral CP-even Higgs bosons (and therefore all three neutral Higgs bosons including 

the CP-odd one) are degenerate with the Z boson, and they can be distinguished from 

each other, is the situation in which to delect the neutral Higgs bosons is the most 

difficult. This situation occurs when the upper bound on the mass of the lighter Higgs 

boson is near to the Z boson mass since the masses of the three neutral Iliggs bosons 

ran be degenerate only at the upper bound value of the mass of the lighter Higgs boson. 

And this most difficult situation also corresponds to the minimum line in Fig. 2. In 

this case, the charged Iliggs boson should be light (See Fig. 1), 100 GcV$ MH± $130 

GoV, and the pair creation of the charged Higgs boson (iii) has a reasonable cross 

section of more than 10 fb. Therefore, while this situation is the most difficult one 

for the detection of a neutral Higgs boson, it is actually very favourable, once enough 

integrated luminosity lias been accumulated, since it allows the detection of all four 

Iliggs bosons of the MSSM. 

The o-flavour tagging is quite useful for the detection of a neutral Higgs boson. Here 
we estimate again, including the effect of the 6-fiavour tagging, the required luminosity 
for the case where all three neutral Higgs bosons are approximately degenerate with 
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Ill'1 Z boson. Wo assti-no an efficiency of GO % for the heavy-flavour b and c quark 
tagging, and select four jet events containing at least two heavy-flavour jets, whose 
invariant mass is near the Z boson mass. After this selection, the required luminosity 
is 1.= 3.1 (!>-' and I,= 8.6 fb" 1 for ,/s=300 GeV and 500 GeV, respectively. These 
resnlls should bo compared to the results for the required luminosity, L= 33 f b - 1 and 
l.= 8!) fb- 1 for ^ = 3 0 0 GeV and 500 GeV, respectively. 

Assuming that one neutral Higgs boson is discovered, we now consider the search 

for now signals beyond (he standard model. One method for this search is to study the 

total production cross section and branching ratios etc. of the observed neutral Higgs 

boson. Another possibility is the direct search for the other non-minimal Higgs bosons. 

From (he analysis of (he properties of the lighter Higgs boson in this investigation, we 

can conclude that, ill the first method (for \fs=3Q0 GeV), a large integrated luminosity 

is required to probe the parameter region Mp ;$ 180 ~ 200 GeV. The main difficulty 

lies in (ho identification of the charmed quarks. On the other hand, our analysis of 

(ho cross sections for the processes (i.b), (ii.a,b) and (iii) show that the second method 

can cover the parameter region Mp < 200 GeV with ys=500 GeV and an reasonable 

integrated luminosity. At even higher energies, the search for the neutral Higgs bosons 

requires much larger integrated luminosity than the search for the charged Higgs boson 

a( ToV linear colliders [13,14]. 
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Figure Captions 

Fig. 1 (a) The masses of the lighter, heavier and charged Higgs bosons for mt =140 
GeV, and tan ft = 2 and 10. Mp is the mass of the neutral CP-odd Higgs boson. 
(!>) The allowed range for the mass of the lighter Higgs boson for 1< tan/? < 
m,/mk. The region between the curves is the allowed region. The dashed, solid 
and dash-dotted lines correspond to r« ( = 100, 140 and 180 GeV, respectively. 

I'ig. 2 The minimum and maximum for the production cross section of a neutral Higgs 

boson. The dashed, solid and dash-dotted lines correspond to mt =100, 140 and 

180 GeV, respectively. The upper branch lines correspond to the analysis with 

the W-ftision processes. The other lines correspond to the analysis without the 

W-fusion processes. See text for details. 

Fig. 3 Branching ratios of the lighter Higgs boson for m ( = 140 GeV, and (a) tan/3=2 , 
and (b) tan/?=10. 

I'ig. 1 Branching ratios of the heavier Higgs boson for m e = 140 GeV, and (a) tan ft=2, 

and (b) tan £=10. 

Fig 5 Branching ratios of the CP-odd Higgs boson for ra(= 140 GeV, and (a) tan /?=2, 

and (b) tan £=10. 
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ABSTRACT 

Top quark decay in the Minimal Supersymmetric Model is studied. 
Possible decays are t -* bW+,iilk,bvi^tiig and W/ + . We find that the 
supersymmetric modes can overwhelmingly dominate the t decay in a 
wide and still allowed range of the model parameters and that they have 
very distinctive signatures compared to the standard mode bW+. This 
could shed a crucial impact on t quark search. 

•• 2 3 2 -



Recent data on Z° and \\r± bosons from LEP and the pp colliders 
strongly suggest a heavy top quark (t) of 100~m d~200GeV in the stan
dard modcl(SM)[l]. CDF group set a limit mt > 89GeV from direct 
t search in the SM|2]. For such heavy t the minimal supersymmet-
ric standard model(MSSM)[3] allows one of the supersynunetric(susy) 
partners of t (the lighter stop t\ ) to be much lighter than the t and 
the other squarks (q)[4]. In this case the ti could easily evade the q 
bound »jf~150GeV from CDF [5] as shown in ltef.6. On the other hand 
LEP and CDF data on sparticle search still allow light neutralinos 2* of 
mzi(5j) > 18.4(45)GeV within the MSSM[7]. Hence there is a good chance 
of observing t —> l\Zk decays, llef.4 showed that t —* ri7(photino) could 
be competitive with the SM decay t -* bW+ for m< > mw + mi,. In this 
article we show that in the MSSM t —» tizjt and the other susy decays 
can even dominate over the SM decay in a wide range of the MSSM 
parameters. This clearly sheds a serious impact on t search at Tevatron 
upgrade and future colliders. 

In the MSSM [3] the basic parameters determining all physics here 
can be taken as m 7 , fi, tan/3, mj, mj, Ot, mn+ and m ( , assuming as an 
approximation no generation mixing of quarks and squarks, no qi — q~n 
mixing, ?»j t = m j n = m j and mj =nij = m ^ = m? =7715, where q~L(qn) 
refers to the left(right)-handed q other than t. Here mj/+ is the charged-
Higgs-boson mass, mj is the i\ mass, 0t is the i mixing angle ((\ = 
ticosOt + iRsmO, (-7r/2 < 0t < rr/2)), tan/? = v2/vx > 0 with «I(J> 2 ) 
bein-3 the vacuum expectation value of the doublet Higgs / / " ( / / j ) of 
Y = - 1 ( + 1 ) , fi is the Higgsino mass term, and photino mass m 7 = 
M i c o s 2 ^ + M 2 s in 2 ^v (sin20w = 0.23) with Mi (M 2 ) being U(1) (SU(2)) 
gaugino mass. We assume GUT relations Afi/M 2 = (5/3)taii 20w and 
m, = (3a 3 /8a) f i l 7 ~ 5.76m^ (a3(mz) ~ 0.12(1]), where ms is gluino(g) 
mass. The masses and mixings of the neutralinos z* [k = 1 ~ 4) and 
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charginos w* (i = 1,2) (i.e., the mass eigenstates of the neutral and 
charged gaugino-lliggsino mixtures) are fixed by (m.,, fi, tan/?). Here 
"*z, < •'" < m z t

 a I l c l m s , < »»s3-
Theoretical and experimental constraints on the MSSM basic param

eters are as follows. As for mt, the preferred range 100~77ij~200GeV 
in the SM remains essentially unaltered in the MSSM[8]. As for m//+, 
LEP limit is ni//+~40GeV[l]. In the MSSM 771//+ > mw is required 
at tree level. As for tan/?, the MSSM Higgs boson search at LEP[1] 
results in no bound on tan/? at loop level[8]. Consistency with data 
on B and K mesons requires 0.1~tan/?~?7jtf+/lGeV[9,10,ll]. Requir
ing the tbll+ coupling size to be perturbative implies m</600GeV ~ 
tan/? ~ 600GeV/?nt[llj. Hence the range of our interest is 1/6 ~ tan/? 
~ 120. As for fh^ and (x, an excluded region in ?'»T-p-tan/? space is ob-
tained[l,7,12] from Z° line shape data (LEP)[1] and negative searches for 
w,", zjt and g at LEP[1] and CDF[5]. Such excluded region (essentially 
invariant under tan/3 —> l/tan/?[7]) is shown by gray areas in Figs.l 
and 2 ; any region beyond the contour of m^s + m-i2=mz can never be 
excluded by negative search for visible ztzV events at Z°. The excluded 
region leads to an absolute limit mj > 132GeV in the MSSM|7]. As for 
77ij(= 77ij= 7n 1 = mz= ms), LEP limit[l] is m^~45GeV for any mass of 
Zj usually supposed to be the lightest sparticle (LSP). Recent CDF q 
bound[5] is nij > 170GeV for m~g < 400GeV with the range 77if < 70GeV 
still allowed for any nig due to low acceptance for a light q, assuming 
mass degeneracy of the twelve squarks, D(q —> qzi(LSP)) = 100%, and 
77ij,~50GeV ; for 7775, > 50GeV acceptance becomes very low (especially 
for a light q) invalidating the quoted q bound. Daer et al.[12] explicitly 
showed within the MSSM that the CDF q bound is typically reduced by 
15 ~ 30GeV due to q cascade decays for 777.5, ~50GeV and that the 777.̂  
bound disappears completely for 77i5,~50GeV. In sum for mj,~50GeV 
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the best m^ limit in the MSSM is 77ij~45GeV from LEP. As for m^, there 
is no substantial bound on it[6]. LEP bound is ?H^~45GeV at best[l,C]. 
Concerning the hadron collider bound the J?I,- bound should also dis-

| appear completely for 77i5t~50GeV. For ii bound from hadron colliders 
there could be another effect weakening i t : if only the i\ is light with the 
other eleven squarks very heavy (, which is allowed for the heavy t in the 
MSSM), the ii production cross section is less than one-twelfth of that 
of q production in the mass-degenerate case for equal mass mj — ?nj, 
which would result in drastic weakening (or even disappearence) of the 
m-t bound. In fact the previous CDF bound of 7nj>74GeV (obtained for 
sufficiently large mj) reduces by ~ 20GeV, if only four q's are degener
ate and light with the other eight q's very heavy[13J. Hence for the m; 
bound we can quite reasonably expect drastic weakening (by much more 
than 20GeV) of the previous CDF bound (m f > 74GeV)[13] and the 
recent CDF lower (?nf > 170GeV) and upper (m f < 70GeV) bouiuls|5j, 
whicli results in a loophole range (quite probably 50~ro;- ~100GeV or 
even wider range) still allowed by the hadron collider data in low ?/*j-
region for sufficiently large roj (say, ^lSOGeV or so) ; further weak
ening of the tj bound can be expected when the effects of ti cascade 
decays and massive LSP(zi) are incorporated within the MSSM. In sun: 
we can safely conclude that for 7?2j~130GeV the range 50~mj ~100GeV 
at least is still allowed by the LEP and hadron collider data and that 
for 77i51~50GeV the current best limit is 7»j-~45GeV from LEP. As for 
0t, there is no experimental bound on it for wij- &45GeV[6]. The MSSM 
disfavors the case m;L < mjR and hence the range —TT/4 < 0t < JT/4. 

As m(~100GeV, the branching ratio B{t -* bW+) ~ 1 in the SM. 
In the MSSM all the possible important modes of t decay are (a)MK+, 
(b)F :zft, {c)bwf, (d)M7+ and (e)tig. In the notation of Ref.14 we get the 
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widths of the modes as follows : 

I \ / - DF) = (277rm?)-' [{m2 - (mF + m f l ) 2 } {m2 - (mF - m B ) 2 }]* 
x {(c+ + c-)(m2, + »nj. - 771B) + 2(c + - c_)?nF7Ji(} , (I) 

where for (27,JF) = (ii,g),(H+ ,b),{b,vif)ta,nd (ii.zjt) respectively 

c ± = |<73(4/v/3)(c(?( T aft)| 2, 
| f f(tt*0 ± Ytc/3)\\ 
\gi\V2U:, T YM3\* + | W | a ) * | 2 , and 
| f f {6<? ( ( C f l T y ( ^ 4 ) - d» ((y;/^ ± (cj, + N'a/cow))}\> 

with i^ = mql(mwaq) (a, = s/3 and a t = c/3) and c w = 2[\sOwN'k\ + 
{—^s7Ow)c0w~lN'k'^. Here the masses (m$t and m s +) and mixings (N'kj 
and t/jj-Vij) of z* and w/are functions of (m 7 , ^, tan/3)[14], 52 = sin a;, 
ca; = cosx, s2(?iy = 0.23, mw — 80GeV, m(, = 5GeV, and 173 and g are 
the SU(3) and SU(2) couplings. T{t -* bW+) is obtained in Ilef.15 where 
full radiative correction to it is found to be +2 ~ -6%. For all modes 
we take the Born widths fixed by the eight basic parameters. In Figs.l 
and 2 contours of a relative width R(BF) = T{t -» BF)/r{t ~* bW+) 
with BF = t\Zk and Imf are respectively plotted in a fn^-fi plane for 
typical sets of values of the basic parameters allowed by the constraints 
above. For the typical sets in Fig.l note that in the allowed m7-/z re
gion, ?nj(~ 5.76m7)~130GeV[7] for which the range 50~m7 i~100GeV 
is quite reasonably expected to be still allowed. For the sets in Fig.2 
note that the contours for m^ = 70GeV are plotted only in the re
gion with mj, > 50GeV for which the best m-h limit is mj~45GeV. 
In Fig.l R(iiZU2) (especially 2J(i1z1)) dominate EjLi Rtf&k)- In Fig.2 
R(j>w$) ~ 0 everywhere. In Fig.3 are shown mt dependences of the 
relative widths R of the modes (a~e) for typical allowed sets of values 
of the basic parameters (though m< is a bit extended beyond the pre
ferred range). Note that for the chosen allowed points of (m 7,/i,tau/7), 
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mjj ~ 50GeV for which the best nij ~b limits are rnj ^45GeV and that 
for the parameter set chosen for Ug mode, 7rtj(^ 5.76?n 7)~ 140GeV 
(satisfying the absolute limit m 5 > 132GeV) for which ~50GeV Z\ is still 
allowed. As the results for all modes of the MSSM t-decay are shown 
in Fig.3, their branching ratios for each chosen set of values of the eight 
basic parameters can be obtained from them. From Figs . l~3 we see 
that each of the susy modes (b~e) (especially (b)) can well dominate 
over the SM mode (a) in a wide and still allowed range of the MSSM 
parameters. The reason is as follows. The modes (b~4) can be strongly 
enhanced relative to (a) due to large t[6]-quark Yukawa coupling fli/l[gl'ij 
if tan/?~l[3> 1] ; the mode (e) can be well enhanced due to large QCD 
coupling if accessible. Note that ratios of couplings relevant to the modes 
(a~e) are 

g* : 9b: 9c : 9d • 9c - 1 : Y, : (Yu Yb) : (Ytc/3, Ybsp) : g3/g 

for u ZL H\ and w+ ~ H* (i.e., \N'H\ ~ | V a | ~ \Ua\ a 1) (see Eq.(l)) 
and that the lighter "inos" (zj,Z2 and w+) are relatively light and pre
dominated by the Higgsino components in the region with in7 3> | / i | ~m i y 

for Zi and fh1 ^> m ^ l ^ l for z 2 and Wj", where £ | = 1 R{tiZk) and R(bwf) 
tend to be large in Figs.l and 2. From the coupling ratios we expect 
tan/9 dependence of the relative widths R of the modes (b~d) as fol
lows : Rb = EJUi R{i\Zk) gets larger for t an /3~ l , and RCii get larger for 
tan/3~l and tan/J 2> 1. This tendency for t an /?~ l is seen in F igs . l~3 . 
For tan/3 » l w e have found that Rc = Rfiwf) contour plot for (m,, mj , 
tan/3)=(200GeV, 70GeV, 100) is very similar to Fig.2(a) showing very 
large Rc and that Rd = 3.8 for (ro„ mI{+, tan/3)=(200GeV, lOOGeV, 100) 
which satisfy the bound tan/?~7?i//+/lGeV. As for 0, dependence of Rb, 
from Eq.(l) we find the following. R(iizk) has a term like ( + s i n 2 0 , ) x ( a 
large positive) for CP even zk dominated by H$ (i.e., for N'k4 ~ 1). g, 
has even CP in almost entire m 7 -^- tan/3 space. Hence 72 A(~/£(t,z 1)) 
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tends to have a maximum (minimum) value at 0t = ~/4(-7r/4), which 
we have checked by actual computations. Similarly Re has a maximum 
(minimum) at 0t = -7r/4(7r/4). 

In Figs.l and 2 respectively we find regions with m^ > mjt(= 50GeV) 
and m^ > 7n^(= 70GeV) where the squark (especially t\) could be 
tlie LSP (though not necessary) and hence a stable particle in case 
of iZ-parity conservation. Search for heavy stable charged particles at 
CDFllGKLEl^l]) sets no mass limit (a limit raj~45GeV) for such a sta
ble color-triplet q, allowing stable t\ of 50GeV and stable b of 70GeV. 
However such a stable LSV-q seems to contradict the cosmology and non-
observation of abundance of anomalous heavy relic isotopes in Earth. A 
way out of this is to invoke superweak id-parity breaking interactions 
(added to the MSSM harmlessly) which induce "fast" LSP-g decay (in 
the cosmological time scale) into ordinary quarks and leptons making 
the LSP-q consistent with the cosmological and geochemical observa
tions^?]. In sum the q lighter than Zi is still allowed by the laboratory 
experiments and the cosmology. 

Typical decay signatures of a soft t (pt~mt) in the MSSM are shown 
in comparison to those in the SM in Table 1. The latter (t —• bW —» 
&//') are 'tree jets' or 'a jet + an isolated charged lepton + missing 
momentum^)'. We see that the MSSM t-decay has very distinctive 
signatures. The pattern of the MSSM t-decay depends largely on the 
MSSM parameters[18], but there are general features in its decays (ex
cept t —• b{W,H)) as compared to the SM t-decay : (i) harder f (due to 
two LSP's in addition to a u) and hence softer isolated /* and jet(s) in 
case of a short decay chain, or (ii) more jets and/or isolated Z±'s with a 
bit harder f in case of a long decay chain. Further the MSSM t-decay 
could have very peculiar features : (i) a curious semileptonic branching 
ratio Dsi of t-decay with an isolated ^[18] (e.g., BSL ~ 1[0] in possible 
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cases of JJ(t —> bll+ —> br+i/)~l or B(t —> f^i —» W/>z1)~l (light i> case) 
(#(£ —* 6 / / + —* bcs) ~1 or i?(^ —> JjZi —> cziZi) ~1]), (ii) more charm 
and /or less bottom activity, e.g. in case I3(t —» tiZi —> cZjZi) ~1 or 
B(t —> bll+ —> 6cs)~l, and (iii) a stable heavy particle (shadron) pro
duction in t —» ^z/i or bwf in the possible case of a "metastable" LSP-r/ 
as argued above. Moreover the SM i-decay always yields real W±, while 
the MSSM t-decay does not; VV±-tagging will be useful in discriminating 
between them. 

We have shown that the susy modes (especially tiZk) can overwhelm
ingly dominate the t-decay in a wide and still allowed range of the MSSM 
parameter space and that they have very distinctive signatures as coin-
pared to the SM mode. The former is mainly due to enhancement of the 
modes by the large t or b quark Yukawa coupling. This could shed a seri
ous impact on t search. Further the MSSM f-decay could be a dominant 
source of colorless zjt, wf and 11* production at hadron colliders. This 
could also hold for Fi and b production, since <r(ti)~lQa(t\ti) ~5<r(66) 
for ?»jj~?7ij-~7/ij, which we have checked explicitly[19]. The Tevatron 
upgrade expected to discover ~ 150GeV t quark (produced in pairs of It 
and tb[20j) could probe mass ranges of these MSSM particles beyond the 
LEP-200 reach if such t were really discovered. Discovery of t decaying 
as expected in the SM would strongly constrain the MSSM parameters. 

Toward the completion of our calculation we were informed of a similar 
article[21] which and ours are complementary. 

One of the authors (K.II.) thanks INS for computer service. 
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Tablfi 1- Typical signatures of the MSSM /-decay in case 7.1 =LKI>. 
P, j , Z.and / refer respectively to missing energy-momentum, jet, isolated 
charged lepton, and (q, I, v). Signature of t —> t\Tj for m^ < m-^j- is 
obvious : tig —» (cz\)(qq'v/i). The signatures of t —* i\Zkf.i are similar to 
those of t —» t\g. 

t-decay condition main decay chain signature 

t —• iiZi 

m r , ~ m S i 
-» (6w,)zi 

L> ff% 
softer / and j ( ' s ) 

harder P 
t —• iiZi 

'"7, < mlv 

~* (CZ1)Z! softer charm j + no I 

+ much harder ^° 

t -» Swf - (bZi)(ff%) softer / and i ( ' s ) , harder P 

t -> W/+ 
t an /?~ l - 6 ( r + ^ r ) overwhelming r activity 

t -> W/+ 
tan/3^1 —> 6(cs) overwhelming c activity 

t -> tig « ^ , ~ m 5 i 
-» (6w!) (<?g'w!) 

L //'z! L ff% 
more j ' s and Z's 

a bit harder f 
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Figure captions 

Fig.l Contours of E\=i (̂̂ lZfc) (solid curves) and ii(fiZi) 
(dashed curves) in the fn7 - )x plane for (77i<(GeV), 
mT i(GeV), 0t, tan/?) = (200, 50, jr/4, (2\/2) - 1)(a), (200, 
100, JT/4, (2%/2)"1)(b) and (150, 50, ar/4, 2)(c). The 
gray area is the excluded region by the LEP and CDF 
data. The dash-double-dotted and dotted curves are 
respectively the contours of m^ + mj a = mz and mj, = 
50GeV. m», > 50GeV above the dotted curves. 

Fig.2 Contours of 72(iSw|) (solid curves) in the m 7 -
fi plane for (m,(GeV), mj(GeV), tan/3) = (200, 70, 
(2V2) - 1)(a) and (200, 70, 2)(b). The gray area and the 
other curves are defined as in Fig.l except a contour of 
m^ = 70GeV added by a dotted curve with '70GeV 
(above which m 5, > 70GeV). 

Fig.3 Solid lines show the mt dependence of the relative 
width R of the various modes for (m7(GeV), /i(GeV), 
tan/?, mj(GeV), m ? i(GeV), 0t, »7iH+(GeV)) = (150, -55 , 
2, 100, 70, TT/4, 100) (a) and (150, -60, (2\/2)" 1, 100, 
70, TT/4, 100) (b). The relative widths of the susy modes 
not shown here are zero. Independently of these the 
dashed line shows that of R(iig) for another parameter 
set (m 7, m^, 0t) = (24.3GeV, 50GeV, -TT/4) with the 
other basic parameters left free. 
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Supersymmetric Particle Production 
at TeV e7 Colliders 

T. Kon and A.Goto* 
Faculty of Engineering, Seikei University, Tokyo 180, Japan 

Kamitakaido 2-4-9, Suginami-ku, Tokyo 168, Japan* 

Abstrac t : We investigate the single selectron production ey —» ez\ 
at TeV ey colliders in the framework of the minimal supersymmetric 
(SUSY) standard model. It is shown that the e7 colliders would be 
more suitable in searching for the heavy selcctrons and in determining 
the SUSY parameters than TeV e + e " colliders because of the low mass 
threshold and the simplicity of the parameter dependence of the process. 

1 Introduction 

The minimal SUSY standard model (MSSM)[1] generally predicts the existence of 
some undiscovered particles ; the SUSY partners (sparticles) of all known ordinary 
particles in the standard model (SM) and some extra Higgs bosons[2]. The sparticlcs 
have I he masses less than the order of the magnitude of ITeV in addition to the 
spins different from the ordinary particles by one half so that the MSSM solves 
the naturalness problem[l]. It is recently realized that the lighter CP even neutral 
Higgs boson predicted by the MSSM has the mass less than about 150GeV at one 
loop level [3]. So we should give up the MSSM unless such light Higgs boson could 
be discovered at the future high energy colliders. It should be noted, however, 
that (he discovery of a light Higgs does not indicate the MSSM uniquely and could 
not determine the SUSY breaking scale. In order to select the SUSY models and/or 
determine the SUSY breaking scale, we must discover the sparticles with masses less 
than O(lTeV). For these purpose the future TeV linear ee colliders such as JLC, 
NbC, CMC and VLEPP will play a crucial important role. Recently, possibilities 
for construction of TcV energy ey, py and 77 colliders by use of the basic linear 
fr colliders are energetically studied[4]. Here the initial high energy photons are 
generated by the backward Compton scattering of laser light in the TeV linear ee 
colliders. These collisions will provide us with a powerful machinery for investigating 
the SM through direct proof of the gauge vertices[5] and search for the neutral 
Higgs boson[6]. It is pointed out, moreover, that those colliders could be suitable 
in searching for some exotic particles predicted by the models beyond the standard 
model, such as the supersyninietric partners [7,8] and the excited fermions [9]. 
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Iii this talk we investigate the single selectron production e~i —» ezt at the TeV 
• -. colliders in the framework of the minimal supersymmetric standard model, where 
: i denotes the lightest neutralino. We calculate the realistic cross sections including 
tin-effects of the energy distribution of the high energy initial photons and the polar
ization of both r beams and the laser photon as well as the effects of the neutralino 
mixing. We suppose that the basic ee colliders are the linear e~e~ colUders, since 
the f~ beam could be easier to be polarized than the e + beam. 

2 Calculation 

We calculate the experimental cross sections folding the sub-process cross section 
17(0 —> ?5i) with the energy spectra D 7 / e of the high energy photons generated by 
the backward Compton scattering of the laser light ; 

(a{e-y^ezi)) = j <\zD^e(z)a(e-y -»Zz x;&(z)). (1) 

Specific expressions for the energy spectra D^/e and the mean helicity £ 2 (Stokes 
parameter) of the high energy photons can be found in Ref. 4. Here z denotes the 
energy fraction of the high energy photons, in other words, the ratio of total energies 
squared in the ey and ee collisions ; z = s/s s s „ / s „ . Polarized cross sections for 
the sub-process are expressed as 

da(ey - . ez,) = i ( l + &) {PCR&°b~R~1+\ + (1 - PCK)Aa[el1+\) 

+ 5V - 6) {P,M*ll-\ + (1 " ft«)d*[«Z7-]) , (2) 

where /',„ denote the degree of initial polarization of the right-handed electron. 
Each polarized cross sections Aa[e~l^7+,-] have been given in Ref. 10. We calculate 
t he production cross sections of the selectron e« which is the SUSY partner of the 
right-handed electron because en is lighter than ei in the MSSM reduced by the 
supergravity GUTs. In the process the arbitrary SUSY parameters are m~ , m~ 
and A'I'J, where N'tj denote the mixing parameters of the lightest neutralino z\ [1]. 
The latter two parameters are determined by the basic MSSM parameters 555.,, /j and 
tan /?, where iii„ /( and tan/? denote the photino mass parameter, the Higgs mixing 
mass parameter and the ratio of two Higgs vacuum expectation values tan/9 = t/ 2/ui, 
respectively [1]. Note that fn, is proportional to the soft SUSY breaking Sll(2) 
gaugino mass, in, = (8/3) sin2 8WM2. We emphasize that the dependence of the 
cross sections on the mixing parameters N[, is very simple because N[ appear only 
through the coupling constant 

a7 = am\N'n-Unev,N'l2\. (3) 

It should be mentioned that the cross sections of the selectron production at the 
c+e~ colliders such as e*e~ -* e+e~ and e*e~ —» eezj has complicated dependence 
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m« (GcV) 

Figure 1: Total cross sections (a(ef—>epzi)). Short-dashed line(a), dashed line(b) 
and solid line(c) correspond to the initial beam polarizations (Pc„, A, Pc)= f0.5,0,0^, 
CO.9,0,0; and /"0.9,+1/2,-U respectively. 

on the mixing parameters N[ as well as the neutralino masses m- because of the 
existence of the virtual exchange contributions of the neutralinos. Moreover, the 
mass threshold (= m- + m~ ) of our process ef —* ezi is smaller than that (= 2m-) 
of the process e+e~ —» e + e~ because m- <m~ in the MSSM. From this property we 
could use the e~/ colliders for searching for the heavy selectrons m~ > i/s/2. 

3 Numerical results 

Let us discuss the numerical results for the cross sections. The total energies of 
basic e~e~ collision and the initial laser photon energies are respectively taken as 
i/s = ITeV and w = 1.26eV. The selectron mass dependence of the total cross 
sections is depicted in Fig.l. In this calculation, we take m7 | = 100GeV and a^=aem 

and set |cos#-| < 0.97. For the comparison we also show o(e*e~ —» eje^) and 
(a{ey —> e^?])) with the energy spectra of the Williams-Weizsecker(WWA) photons. 
The latter corresponds to the total cross section of the process e + e~ —> eenZi in 
the equivalent photon approximation. While this process has lower mass threshold 
(~ m- + m - ) than that (= 2m-R) ci e+e~ —> e j e j , the softness of the WWA 
photons makes the cross section smaller than that of our process by almost two 
order of 1 he magnitude. We see in fact that the cross section of the ey collision with 
appropriate initial beam poralization would be large a =: 10 - 2 pb, which corresponds 
to about 100 events per year for the luminosities Lcl = 10 3 3 sec - 1 cm _ a , for large 
sclcctron mass m-R = 600 ~ 700GeV. To search such heavy selectron, we find that 
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the polarized y+ [& > 0] beam with the monochromatic energy spectra (s ~ s) 
and the polarized eR [P*B~0.9] beam are effective. We can obtain the high energy 
7 beam with £ 2 > 0 as well as with highly monochromatic energy spectra at large 
; (> Jm.n = (mj„ + m~ ) 2 / s ) by taking the beam polarizations as A = +1/2 and 
/ ' = — 1, where A and Pc denote the mean helicities of the electron to be scattered 
by laser light and those of the laser photons, respectively[4]. 

Next we discuss the signal of the process and the background suppression. Since 
the selectron eR has the dominant decay mode HR —» ez\ for large gaugino mass M 2 , 
the final states of the process ey —» enZ\ would be single electron plus large missing 
energies. So the dominant standard background processes would be e-y —> vW 
followed by the decay W —» eu, whose total cross section is expected to be about 
lOpb. We show in Fig.2 the angle distributions of the scattered electrons for both the 
signal and the background, where we take m-R = 600GeV and m^ = lOOGeV. From 
this figure we see that the background process ey —• vW —» uPe has a very sharp 
peak at the forward region (cosfl,. ~ 1). On the other hand, the cross section for 
the signal has rather smooth angle dependence because of the large mass of en. We 
can find that the lower cuts for 9t would be efficient for the background suppression. 
We find, moreover, that the polarized y+ [f2 > 0] beam with the monochromatic 
energy spectra (s ~ s) and the polarized en [,Pe„~0.9] beam could be used not only 
to enhance the signal cross section but also to suppress the background. Note that 
if ive get (he initial electron beam with higher degree of right-handed polarization, 
l\„ ~ 1, the background ey —> vW could be suppressed more easily. 

Finally we discuss the possible determination of the SUSY parameters by use 

Figure 2: Differential cross sections {du/d cos #,.) for both ey —» enlj -* eztzi and 
cy _ Wv -» evu at y/s = ITeV. We take m- R = 600GeV, m- = lOOGeK and 
\N[, — tanfl„,A,2J|2 = 1. Short-dashed line and solid line correspond to the initial 
beam polarizations (Pt„, A, Pc)= (0.5,0,0) and f0.9,+l/2,- lJ , respectively. 
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H (GeV) 

Figure 3: Contours of both m- (short-dashed line) and F = | JVJ, - tan 0„, JV^ | 2 (a'o/i'd 
/mcy ;n the (fi, m-,) plane for tan/? = 2. 

of the single selectron production. Here we will show that we can get valuable 
information on determination of the basic MSSM parameters (m 7 , /x, tan/?) if we 
know m- by the analyses of other production processes such as e+e~ —> eje^. 
First, in the single selectron production m- could be determined by the known 
val ue of 7n~R and t he measurement of minimum energy £™ m of the scattered electron 
appearing from the decay en —> e5i, because E™n is a monochromatic function of 
m~ : 

As already mentioned, moreover, the total cross section (1) is simply proportional 
to F — |A ĵ', - tan 0WN{2\2- So the measurement of the total cross section and known 
values of m- and m~ enables us to determine the factor F. In Fig.3 we show the 
contours for various values of F as well as m- in (n, m 7 ) parameter space, where 
we fixed tan /? = 2 for example. If we find any crossed points between the contours 
of m- and F in (/*, m 7 , tan/?) space, we could restrict severely the basic MSSM 
parameters. 

4 Conclusion 

Considering above discussions, we should propose following strategy in the SUSY 
search at the TeV linear colliders. First, we should construct the linear e + e~ colliders 
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with v^=0.3 ^ 0.5TeV to search for the lighter CP even neutral Higgs mA~150GeV 
predicted by the MSSM. Next, we should grade up the linear colliders to the ma
chines with y/s 2: ITeV to search for the sparticles with masses ~500GeV. Finally, 
we should reconstruct the ITeV ef colliders from the ITeV e+e~ colliders. These 
machines could be used to search for the heavy selectrons and/or charginos [8] with 
masses i?ij;~800GeV if we could not discover any sparticles with the ITeV e+e~ 
colliders. Note that even if the selectrons and/or charginos could be discovered 
at the ITeV e + e~ colliders, the ef colliders could be more powerful machines for 
determining the SUSY parameters than the e+e~ colliders. 
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Radiative Correction to e + e —> JT+VF * 

Juichi SAITO 

Suzugamine Women's College, Nishi-ku, Hiroshima 733 

Abstract 

We report a systematic method to calculate 1-loop radiative corrections for the 
reaction e + e~ —* W + iy~ which is one of the basic processes in JLC experiments. 
Our method is based on the Brown-Feynman reduction and applicable to general 
two-body to two-body processes. 

1 Introduction 

The pair production of iy-bosons[l] is one of the most significant reaction for e + e " 
collider experiments in the next generation. This process will begin to be observed 
at LEP 200 and will provide the precise measurement of W-boson mass mw- It 
will also provide the direct measurement of trilinear couplings of the gauge bosons 
yW*W~ and ZW + W~. Furthermore, it will be the first observation of the gauge 
cancellation among three tree-level diagrams in the electroweak theory. However, it 
is clear that the LEP 200 experiment is not sufficient to establish the idea of the 
gauge cancellation since its energy is fixed around \/s = 200 GeV. In order to test 
this idea definitely we need to perform e + e ~ collision experiments in TeV region. 
IV'-pair production in TeV region is also significant from the other viewpoint. It can 
be a window for new physics, for example, extra Z-boson[2], technicolor[3], and so 
on. Even not in the case, it will be a good luminosity monitor for e + e ~ collider. On 
the above grounds, 1-loop correction[4] for the reaction e + e ~ —> W+W~ is important 
and necessary for e + e ~ collision experiment in TeV region. 

There is another reason why we study the radiative corrections for this process. In 
the electroweak theory, we are obliged to handle a large number of Feynman diagrams 
to evaluate the effects of higher-order corrections. Accordingly, it is valuable to 
develop a systematic method to calculate radiative corrections for various reactions. 
The method we show here is based on so-called Brown-Feynman reduction[5] and 
applicable to general two-body to two-body processes. It reduces every Feynman 
amplitude to a linear combination of independent integrals in a systematic manner. 
We have derived all the reduction formulae[6] which enable us to calculate any 1-loop 

'This talk is based on the work in collaborations with T. Hayashi, T. Inagaki, M. Kikugawa, J. Kodaira, 
T. Muta. R. Najima, S. Wakaizumi T. Watanabe, T. Vano, and M. Yonezawa. 
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correction in the Feynman gauge. Although our present computer program is not 
fully automatic yet, we aim to develop such a program. 

2 Decomposition of the Amplitude 

Let us consider the Feynman amplitude with external momenta shown in Fig. 1. 

l^B-K) V{E-Q)A^ M(£+0) e"(£+/i) . (1) 

Wc ignore the electron mass mt except only for that in the argument of logarithmic 
function, i.e. mc in the denominator of the integrand of the loop-momentum integral. 
The aim of this report is to clarify the systematic calculation method of A^ for each 
1-loop diagram. 

Fig. 1 

Because of the absence of mass terms in the numerators of the fermion propaga
t e s between the initial electron and positron, both vector and axial-vector coupling 
constants on this fermion line can be factored out. Hence we express A^ in the 
following form, 

>U = (. + * » ) / ^ ^ . W 
Here Dk{k = 1 , . . . ,n) is the denominator of the propagator which depend on the 
loop momentum p. All p-independent factors are assumed to be contained in the 
coefficient (o + 675). 

Since M^ has tensor/spinor indices, we decompose it into independent compo
nents by employing a suitable tensor/spinor basis. 

i 

where NM and JvfJ are scalar functions of p. Taking into account of Lorentz con
ditions for e and e, massless Dirac equations for u and it, and CP invariance of the 
amplitude, we find that the number of independent components is twelve, i.e. the 
index i runs from 1 to G. We adopt the following set of tensors/spinors as a basis. 

tfii = 175 ttV„Vv, BJ.V = 175 X (V»LU + £„!/„) , 
B$ = 175* L„LV , B® = t(V,.R„ + R^), (4) 
B$ = 175 ft fl„«p , BjS? = ft (L„K + «„£„), 
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where /?,,, £,,,#,,, and V,, are the vectors defined by 

RE = RK = RQ = 0, R2 = -E2, 
LE = LK = LR = 0, L7 = K2, (5) 
{/„,v„ = E2K„TK2E„, 

respectively. The set {E, K, L, R] forms an orthogonal basts of 4-cooidinate and the 
vector Q lies in the K-L plane. Using the basis (4), AT1'' and N$ are written as 
follows, 

A"1' = itr[A/"„„(£+ Q) flifi ft] VU"/(E2R2U2V2), 

#<«> = itr[JvV(£+ Q) V # ] <,L"R" + R"f)l{2E2L2Ri), 
A'<1) = i t r [A/ '„„(£+0)££] VU"/(-E2R2U2V2), ( 6 ) 

Nl6) = itr [•*/•„„(£+ Q) Eiiif.\(L"R" + R"L")l(2E2L2Ri). 

Note that JV°''' has no mass-parameter dependence and N$ is identically zero unless 
the Feynman diagram has a fermion loop. Hereafter we refer to AT'") and Ns simply 
as N. 

3 Expansion by Momentum Integrals 

Next wc expand each component of the amplitude by a certain set of momentum 
integrals. From Eq. (6), AT is a polynomial function of the scalar products E-p, K-p, 
Qp, L-p, Rp, and p 2 . In the Feynman gauge, the degree of JV with respect to p is 
at most three. Because of the symmetry of integration, all the terms in AT with odd 
power of Rp will vanish and the square of Rp can be replaced by the other quantity. 

( f l p ) ' - O (Rpf^O, 

Besides, we can use the following equation when LQ^O, 

, __K2(Qp)-(K'Q)(Kp) 
L-P- j ^ • (8) 

In the case of LQ=0, the replacements similar to (7) are available for each power of 
lp since the extra symmetry appears in the momentum integral. 

( £ p ) ' - 0 , {L-pf-0 
, , _ * .1?.-» (E-P)2 ( . . - „ , , L2,2 (Erf2 (Kjpl, (9) 

Hence, in both cases, we can eliminate Rp and Lp form N. The number of variables 
remaining in Ar is then equal to that of the denominators D* in the integrand if the 
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Feynman diagram is box type (i.e. n = i). This coincidence occurs also for the other 
type of diagram because the additional symmetry decreases the number of variables 
again. 

E+K E-K v-*y 
p+E p-E 

/ *-'<? \ 
E+Q E-Q 

Fig. 2 

As an example, let us consider the box diagram with momenta shown in Fig. 2. 
The denominators Di,- •• ,Dt are given by 

f Ds =p\-m\ = (p + Ef-m\, 

, ^ " i ' (10) 
«5 = (p - E)- - mi , 

I Dt = p\ - m\ = (p - Qf - ml. 
Solving the above equations with respect to E-p, K-p, Qp, and p 2 and substituting 
the solutions into A', each component of the amplitude is expanded in the following 
form, 

/ (2ir)4! DjD2D3Dt r + ) + ( + „ < 3 ,+,t!+u<3 

Here Jr„„ and / r Ji„ are the integrals defined by 

, / d'p (P\)'(.PIY(PI)\PIY 
(2TT)4J D,D2D3Dt ' , . , . 

'"" J (2ir)4i DiD2D3Dt ' 

and they arc invariant under the shift of integration variable p. Note that the coeffi
cient N,,iu depends only on the momenta of the external lines. Since two coefficients 
A'riiu and A'r,,v are connected with each other by a simple relation, we use the 
expansion by /,,»„ rather than by J,,tu-

4 Reduction to Independent Integrals 

The set of integrals {/„(„} contains linearly dependent elements as a basis of 
expansion such as Eq. (11). Here we show how we obtain the relations among the 
integrals / r l l l > and which combination should be taken as a set of independent inte
grals. 
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Let us consider the integral with three 0*'s in the denominator of the integrand. 
Because of the symmetry of integration, there is a linear function of p which makes 
the integral vanish identically if we put it into the numerator of the integrand. For 
example, we find the following identity for the denominator D1D2D3, 

d>P LP _ 0 ( u ) 

Rewriting the numerator into a linear combination of Dt, we obtain a relation among 
the integrals / r ) ( „ . 

rf4P Di 

h 

J 
(i = 4 for the above example) 

where a,/, and 0, are p-independent coefficients. Similarly, for the integral with two 
Ok's in the denominator of the integrand, we find 

/ ^--^Z-VaoDt + M-O, 0)<i DiD2D3Dt

 v r 
d*p D.D, 

(2IT) 4J DID2D3DA Ktk 
(E<*1kDk + Pi) = 0. 

(15) 

/ 

In addition to Eqs. (14) and (15), there is a relation which originates from integrals 
with a numerator of quadratic function of p, such as 

*P &*?!# - ( l / 2 ) { p 2 - ( g p ) 2 / £ 2 - (K-pf/K*} 
(Wi DyD^l = °- ( 1 6 ) 

This type of identity leads 

flZ&l Dn°'nn ( E a i > k D > D k + E ^ D k + *> = ° • ( 1 7 ) 
J (2TT)*I ViDiUsDi (J:k) k 

where o,!k, /?,/, and 7, are again p-independent coefficients. 
The number of integrals Irltu whose integrands have three or less Dk's in their 

numerators is 
lll3 + tH2 + tHi+ tH0 = 4+1^3 = 35. (18) 

On the other hand, the number of relations between such integrals is 

4C1 + 24C2 + 4C1 = 2 0 . (19) 

Hence the number of linearly independent integrals is 3 5 - 2 0 = 15. This is equal to 
(he number of integrals whose integrands have three or less different Dk's in their 
numerators: 

4C3 + ,C3 + 4 Ci + 4C0 = 2* - 1 = 15 . (20) 

It seems to suggest that we can take the following set of integrals as a basis of 
expansion. 

{/ri(y | r + 5 + I + U < 3 i r,J,<,U = 0 , l } 

U d,r ' i l l L_ ... /J!£__Ll ( 2 a ) 

\J (2ir)«t 01020304 ' J (2JT)<I 0 , 0 , 0 3 ' ' J (2ir)«t 0 4 J ' ^"' 
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Actually Eq. (14) means that / ^ T J J J will be given as a linear combination o{ integrals 
which belong to (21). One may expect that Eq. (15) can be solved with respect to 
JD'DSD a n d fl'lfl)D a I l d E < 1- ( 1 7 ) w ' t n ' e s P e c t t 0 JbDDD J U s t I i ' t e E ( J ' ( I 4 ' - T ' " s 

expectation is true when the external lines are all massive. However, it is not in 
our case. Equation (15) happens to lead a relation among the integrals in Eq. (21) 
themselves. Thus we must adopt at least two /jjjj-typc integrals instead of /j^jj-lype 
as members of the basis of expansion. 

5 Discussions and Summary 

In this report, we have shown how the Feynman amplitude for the reaction 
e*e~ — IV+IV - is reduced to a linear combination of independent integrals. This 
method enables us to perform systematic and analytic calculations of 1-loop correc
tions. In fact, we had checked the cancellation of all ultraviolet and infrared diver
gences of this process by using the algebraic manipulation program. The integrals in 
Eq. (21) were already calculated[7] and the remaining integrals J-j^'s are calculable 
without difficulty. Hence we are ready to calculate finite part and actually numerical 
calculations are now in progress. 
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QCD Corrections to the Higgs Boson Decay into Two 
Photons * 

Masalo JNOUE 

Maritime Safely Academy, Hiroshima 737 

ABSTRACT 

We report an intermediate result of QCD corrections to the 11 —* 77 
decay. We employ the dispersion relation techniques which enable us to 
perform loop-momentum integration analytically except the last dispersion 
integration. Explicit forms of two-body cut contibutions are presented and 
it is pointed out that all logarithmic functions cancel out. We also give 
numerical results of two-body cut conlibutions. 

The standard model of eleclroweak interactions [1] is in remarkable agree
ment with experimental measurements. But two important ingredients of the 
model, the (op quark and the lliggs boson have not been observed yet. Espe
cially the latter is the direct consequence of clcctroweak symmetry breaking 
and the detection of this particle is the crucial test for the standard model. 
It also give important information of the beyond standard model. The Higgs 
boson of the mass below 100 GeV will be found in the experiment of LEP200. 
If the mass is heavier than this, we have to await next TeV-energy colliders 
which are hadron colliders like SSC and LIIC or e*e~ colliders like JLC. 

In the intermediated mass range mw < mH < 2m z Higgs bosons will be 
produced mainly from the gluon-gluon fusion in high energy liadron colliders. 

*Thii talk is baaed on the work in collaboration with R. Najima, T. Ola and J. Snito. 
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(a) (b) (c) 

Figure 1: The lowest order contribution to the // —* 77 decay. 

In this mass range Iliggs bosons primarily decay into bb pairs but it is very 
difficult to detect this signal because of large QCD backgrounds. Instead 
the // —• 77 decay is promising. The inverse process 77 —» // may play an 
important role for the production of the Iliggs bosons in high energy e*e~ 
colliders. In order to avoid large energy loss from the bremsstrahlung of the 
high energy beam pulse interaction, 7-7 collision is seriously considered. 

In the lowest order approximation, Iliggs bosons decay into two photons 
through a charged fermion or a VV boson loop(Figurc 1). This process was 
first examined by Ellis, Gaillanl and Nanopoulos [2] and the analytical form 
the decay width was given by Vaiiistcin, Voloshin, Zakharov and Sl1ifma.11 
[3]. The decay width has the form of 

r(// - 77) = ^ J r l E NCQ}I,(X,) + iw[Xw)\. (i) 

where Nc is color factor, Qj the charge of fcrmion in unit of e and 

I,{\,) = 2\, + \f(4\j - 1)/(A,), 

iw(Mr) ' 3-W + 3AW(1 - 2A l v ) / (A l v ) , 

(2) 

(3) 

with 

ml 
The function /(A) is given by 

(4) 
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(a) 

(c) 

Figure 2: Two-body cut contributions to the QCD corrections. 

-2 { d„-(J^)}» far A > i 
1 :? 1 ' 5 > 
-(In - t + iTr)2 for 0 < A < i , 

where 

fta = i ( l±>/ r^4A) . (6) 
Because the lliggs-fermion coupling is proportional to the fermion mass, 

decoupling theorem is not applied to this process. If additional heavy par
ticles exist and couple to the lliggs boson, they also contribute this process 
as well. Analysis of the // —» 77 decay may give important constraints 
to heavy particles of the beyond standard models such as technicolor and 
stipersymmetric models. 

QCD corrections to the // —» 77 was first calculated by Zheng and Wu 
in the limit of mt/mn —» 00 [4]. Djouadi, Spira, van der Bij and Zerwas 
gave the result of numerical analysis where m// < 2mw [5]. We employ 
dispersion relation method which enable us to calculate in all Higgs mass 

/(A) = 
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Figure 3: Three-body cut contributions to the QCD corrections. 

region. We obtain the iinaginay parts of the amplitude from cut graphs 
where intermediate states are on-shell and use dispersion relation to get real 
parts. The contribution from each diagram has the form 

- ( P i r 2)/i(o<r + j»(0rfpi. 
where jit and p2 are the photon momenta and / = (pi + P2)2 

(7) 
A(t) is not 

always orpinl to B(t) but when the contributions of all diagrams are summed 
up, A(l) and B(t) give an identical form from gauge invariance. Cut graphs 
of Figure 2 and Figure 3 give ImA(t) and ]mB(t). ReA(t) and ReBU) are 
obtained through dispersion relation 

l\cA(l) •• 

If JO V — t 

UnA(t') 
I'-t 

™ ImB(J') 

dt\ (8) 

(9) 
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VVr use on-shell renormalizalion scheme and introduce photon mass A as an 
inf: .od cut-off. We calculated two-body cut contributions and obtain 

UiiA2.-b<*ly(T) = lni/J2-w„(a:) (10) 

- - ^ Z C f ( . + V - ' 2 ( 1 - ^ ( 1 - 2 ) + ( 1 + ^ ' o B - } l o g £ 
- (1 - i 4 ) l o g i { 4 L i 2 ( 3 : ) - 2 b i 2 ( - x ) - ^ l o g 3 i + 4 log2 ; log( l - i ) + 7C(2)} 

+3(1 + i ) ( l - xft;(2) + j ( l - z 2)(3 + a, - x2)\o£7x 

-2(1 -z 2 ) 2 iog ; r iog( l + x) + 4(1 + x)(l + x3)logx + 2(1 + x)3(l - a)], 

where 

x = — * ' . ( i i ) 
1 -4- i/l — /./4m2 

Contributions of Figure 2(b) and Figure 2(c) contains tri-logarithmic func
tion.' but they cancel out each other. To calculate the box diagram of Figure 
2(c), we employ Brown-Feynman method which reduces loop-momentum in
tegrations to the sum of scalar integrals whose numerator is one [6]. When 
m, - 130 GeV and m„ = 100 GeV the correction to the decay width is 3.2 %. 
When ma = ISO GeV the correction becomes 1.5 %. The infrared divergence 
of Eq. 10 will be cancelled by three-body cut contributions. Calculation of 
these diagrams are in progress. 
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Evaluating Cross Sections at TeV Energy Scale 
by HELAS * 

I. WATANABE 1 , H. MURAYAMA 2 and K. HAGIWARA 3 

' Department of Physics, Hiroshima University, 
Higashi-Hiroshima 724, Japan 

- Department of Physics, Tohoku University, 
Sendai 980, Japan 

3 Theory Group, KEK, Tsukuba, Ibaraki 305, Japan 

ABSTRACT 

A Tort ran subroutine package HELAS (HELicity Amplitude Subroutines) is briefly 
reported. Helicity amplitudes of arbitrary tree-level Feynman diagrams in an arbi
trary renonnalizable theory can be evaluated easily by HELAS. The HELAS subrou
tines treat carefully the gauge theory cancellations and the collinear singularities, 
so as not to lose numerical accuracies of the amplitudes at the TeV energy scale. 

* Invited talk presented by I. Watanabe at "The Third Workshop on Japan linear Collider", 
KF.K. Feb. 25-27. I!M2 
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*jl . How to calculate cross sections 
As is well known, cross sections can be obtained by squaring the amplitude, 

"iiimiiing/averagiiig it over the final/initial state spins, integrating over the phase 
spare, and dividing it by the flux factor: 

° = F ib /*?"" ' ' • ( ] ) 

J sr"i 
However, to calculate the matrix element M and to find a good parameterization 
of ihe phase space <l> are not always easy jobs, even in tree-level computations. 

The difficulties in getting M come from the following points. Processes of our 
interest at TcY energies typically have 

ja) many Feynman diagrams 

and 

(b) many final state particles. 

Then a tough work is necessary to evaluate all the necessary diagrams. In order to 
manage many diagrams and many particles, we have to computerize at. least some 
parts of the calculations. Furthermore, we encounter subtle 

(c) gauge theory cancellation 

in electroweak processes at high energies, which cause severe numerical problems. 
The HELAS'1' system is designed to overcome the above difficulties. We list below 

the keynotes of HELAS. 

• HELAS is a set of F0RTRAN77 Subroutines for numerical evaluations of HELicity 
Amplitudes. 

• HELAS can be used to evaluate any tree-level Feynman diagrams in an arbi
trary renormalizable theory. 

• HELAS gives amplitudes accurately at and below the TeV energy scale with 
single precision compulations. 

• HELAS allows us to evaluate a diagram by a simple sequence of CALL SUBROUTINE 
statements. 

• HELAS ian be used to make a highly efficient program to evaluate multi-
particle amplitudes. 

• HELAS is compact and portable. 
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I'nlike Mime inure challenging projects which aim at a full-automatic computa
tion of i iu>s sect inns j J"''l HELAS supports only a part of the whole job. i.e. to evalu
ate heliciiy amplitudes. It does the job. however, with a full generality and at a very 
liiii.1i lewl of numerical efficiency and accuracy. HELAS is only a set of subroutines, 
with the help of which you write a main routine to evaluate Fcynman diagrams; 
thiv. however, is very easy since an arbitrarily complicated Feynman diagram can 
be programmed by a simple sequence of CALL HELAS-SUBROUTINE statements. The 
• •flit iency of the main programs with HELAS subroutines grows more and more as the 
number <>f Feyimian diagrams proliferates. The final task of summing over helicities 
and the phase space should be made by a standard numerical integration package, 
sii.-h as BASES'6' or VIOGAS.'7' It is of course possible that the HELAS subroutines 
• an be used as a part of a more automatic system for evaluating cross sections, to 
improve the numerical efficiency of the existing systems by more than an order of 
magnitude. 

>|2 . How to calculate amplitudes by HELAS 
Here we show you how to evaluate M by HELAS by an example. You'll find 

more details of HELAS ill Ref. [1], 
bet us first remind you of the general characteristics of tree-level diagrams. As 

you see from the word 'tree', they have a common structure. There may be many 
external lines. As they approach the center of a Feynman diagram, the external lines 
meet to give an ofr-shell internal line, and then meet again to make another internal 
line, until all the lines meet at a single point. The basic idea of HELAS is to begin 
with the external lines by creating the wavefunctions explicitly in a fixed notation, 
and to give rules to join the lines. Any amplitudes can be computed as follows; 
liist. I he external wave functions are evaluated as functions of the particle momenta 
and helirities. Second, off-shell scalar/spinor/vector (S/F/V) lines obtained from the 
external lines via renormalizable vertices are evaluated as functions of the external 
wave functions. This second step can be repeated, giving internal off-shell lines as 
functions of external off-shell lines, until all the off-shell lines meet. 

2. 1 Fxample: e _ e + —• W~W+ 
Let us choose as an example the /-channel neutrino exchanging diagram of 

the process i " e + —> l l ' " l l ' + (Fig. 1). It has four externa] lines; electron (|e~ >) 
anil positron (< e + | ) spinors, and \V~, W* vector bosons. These external wave-
functions can be obtained by calling wave function subroutines by specifying the 
four-momenta and helicities of these particles (Fig. 1(a)). Once the external wave-
functions are obtained this way, you can compute an ofT-shell neutrino wavefunction 
| c,, \\'~. c~ > from the external wavefunctions \V~ and | e" > with the appropriate 
weak coupling at the vt-\V~-e~ vertex (Fig. 1(b))' Finally by joining this off-shell 
neutrino wavefunction \i>e,W~,e~ > and the remaining external lines < e + | and 
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\\*. yon obtain the contribution of the diagram (Fig. 1(c)) to the helicity amplitude, 
M = < t + | l l ' + | i't, IV", e" >, which is just a complex number. 

The above procedures can be performed by the following FORTRAN codes. 

( a ) external wavefunotions: 
CALL IXXXXX(PEM,EMASS,NHEM,*1 , EH) | e " > 
CALL OmXX(PEP,EMASS,NHEP,-t , EP) < e* | 
CALL VXmX(PKM,WMASS,NHWM,+l , WM) W~ 
CALL VXXXXX(PWP,KMASS,HHWP,+1 , WP> W* 

( b ) off-shell wavefunction: 
CALL FVIXXXCEM,WH,OWF,KMASS,IIWIDTH , F V I ) \v„W-,e~ > 

(c ) amplitude: 
CALL IDVXXX( FVI ,EP ,WP,OVF , AMP) < e + | W+ | i/c, W~, (T > 

You can see here how simple the HELAS grammar is. First, the subroutine IXXXXX 
computes an external flowing-In fermion wavefunction, OXXXXX an external flowing-
Out ferinion wavefunction, and VXXXXX gives an extern1*! Vector wavefunction. Sec-
oiul. the vertex subroutine FVIXXX combines an flowing-In fermion and a Vector 
boson to give an off-shell Fermion wavefunction FVI. Finally, the subroutine IOVXXX 
joins flowing-In and flowing-Out fermions with a Vector boson to give an amplitude. 
As you see here, all HELAS subroutines are named systematically. You can easily 
remember the role of a HELAS subroutine from its naming. 

We will explain the inputs and the outputs of the above subroutines briefly. The 
external wavefunction subroutines (a) have four inputs and one output. The inputs 
arc the particle four-momentum, mass, helicity, and an index which distinguishes 
between a particle and an anti-particle for a fermion, or if the particle is in the final 
state or in the initial state in case of a boson. Here the four-momentum is given 
as a real four-dimensional array (0:3). The output of these subroutines is a six-
dimensional array (6) of complex values, the first four entries give the wavefunction 
and the latter two complex numbers give the particle four-momentum. 

The input variables of the ofT-shell line subroutine (b) are the wavefunctions EH 
and UN obtained above, the coupling constant GWF, the mass NHASS and the width 
NWIDTH of the output particle. The coupling constant GWF of fermion-fermion-vector 
vertices are real two-dimensional arrays, one for each fermion chirality. The output 
FVI is the off-shell neutrino wavefunction, which is again a six-dimensional array of 
complex values. 

The amplitude subroutine (c) has several wavefunctions (FVI,EP,WP) and a cou
pling constant (GWF) as inputs, and just one output (AMP), which is a complex vari
able. 

There is actually another way to obtain the same amplitude by HELAS in the 
above example. The off-shell neutrino wavefunction can be obtained from the exter
nal positron and W* boson, < e*, W + , f/e | , rather than from the external electron 
and IV", \i/„W~,e~ >, as in the previous case. The same amplitude is now eval
uated as < c + , H / + , i/c | IV" | e" >. The FORTRAN program in this case is as follows. 
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W..-r.t-) 
•-< 

M (b) 

AL 

(c) 

Figure 1: Illustration of how we evaluate the (-channel neutrino exchange amplitude 
of the process e~c + —»\V~\V* with HELAS. (a) Preparing the external wavefunctions. 
(b) Joining the wavefunctions to get an ofT-shcll neutrino wavefunction via the v,-
\V~-e~ vertex, (c) Obtaining the ninplitucle by joining the off-shell wave function 
with the remaining external lines at the e*-W*-v, vertex. 

file:///V~/V*
file:///V~-e~


(a'l '-sternal wavefunctions: same as (a) 
(!>') nff-slull wavefunction: 

CALL FVOXXX(EP,WP,GWF.KHASS,NWIDTH , FVO) < c + , W+, I/, | 
( r ' | amplitude: 

CALL I0VXXX(EM,FV0,K11,GWF , AMP) < e + , W+,v< \ W~ \ e~ > 

lii general, the number of ways to write down a FORTRAN program for a tree diagram 
by HELAS is just the number of the vertices of the diagram. You can utilize this 
freedom for checking the numerical accuracy of the results or finding bugs in the 
I migrant. 

When using HELAS, it is quite easy to incorporate decays of final state particles 
without losing the spin correlations. For instance, if you want an amplitude of the 
above process with a subsequent decay of \V~ —> id, all you should do is to replace 
the "CALL VXXXXX(PWH,... , WH)" line in the above example by the following three 
FORTRAN lines: 

(a") i-xt'-rnal wavefn notions: 
CALL IXXXXXCPU .UHASS.NHU ,-1 , FU) |u> 
CALL OXXXXKPD ,DHASS,NHD ,+1 , FD) < d\ 

(I." I off-shell ivav.-funclion of U / _ : 
CALL JIOXXX<FU,FD,GKF,KHASS,WKIDTH , Wit) J|J,.(< rf| ,| ii >) 

Here JIOXXX is a subroutine which computes an off-shell vector current (J) from the 
Iliitviiig-In and -Out ferniions. The final output AMP is now the amplitude for the 
process i +<'" —* fid\V+ via the same diagram. 

2. 2 HELAS subroutines 
In this subsection we explain what kinds of subroutines are available in the 

HELAS package. As you have already seen in the previous subsection, HELAS has 
several subroutines which compute external wavefunctions, some others compute 
off-shell wavefn tic (ions, and also some subroutines which compute the amplitudes 
of diagrams at certain vertices. For example, there are five HELAS subroutines for 
the feriiiion fermion-vector vertex; FVIXXX, FVOXXX, JIOXXX, IOVXXX have already 
appeared in the above examples, and one more special subroutine J3XXXX which 
computes a specific combination of the Z boson and the photon currents. You 
might think that there are too many possibilities to find a complete set of joining 
rules, but in fact they can all be classified into a finite set in renormalizable theories. 
We show all the possible joints of renormalizable theories in Table 1. 

The whole HELAS package can be divided into three types of subroutines; 

• External line subroutines 

• Vertex subroutines 

• Utility subroutines 
The external lines arc computed by the four subroutines IXXXXX, OXXXXX, VXXXXX 

and SXXXXX, for which the particle four-momentum and helicities should be given 
as inputs (Table 2). 
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Ivilih" 1; List of the possible vertices in renormalizable theories. All these vertices 
•in' in< urpi.riiled in the HELAS system. 

Wrtex interaction 
KKV vector or axial vector couplings 
FFS Yukawa couplings 

vvv Yang-Mills couplings 

vvs Iliggs interaction 

ssv scalar gauge couplings 

sss scalar self-couplings 
W W Yang-Mills couplings 

wss scalar gauge couplings (seagull) 

ssss scalar self-couplings 

At each type of a vertex, we can obtain either one off-shell internal line, or an am-
plitude (Table 3). Von may worry that, there are too many subroutines to remember. 
However, the names of the subroutines and their inputs/outputs are systematically 
determine,!, and one can easily guess the name of the desired subroutine, or find out 
it> function from its name. The codes 1,0,V,S mean the input flowing-In fermion, 
llowing-Ont fermion. Vector boson, Scalar boson, respectively, and the codes F,J,H 
refer to the nutpttl Fermion, vector, scalar wavcfuiictions, respectively. 

There are also some utility subroutines (Table 4). Most of them may be used for 
setting up phase space variables. They can compute four-momenta from angles, and 
can also rotate or boost four-momenta. The rest of the utility subroutines prepare 
default coupling constant values for the Standard Model. The outputs of these 
-.iibroiitines should be regarded as templates for defining the couplings appropriate 
for the HELAS subroutines. These subroutines provide all possible coupling constants 
in the Standard Model except for the Kobayashi-Maskawa matrix elements, which 
should lie multiplied to the amplitudes 'by hand' outside the subroutines. 

\\3 . How to calculate amplitudes accurately 
It is a non-trivial task to obtain accurate results when you compute amplitudes 

numerically. The numerals used in HELAS are single precisions, i.e. INTEGER*2, 
REAL*4 and C0MPLEX*8. The output amplitudes or wavefunctions are also given in 
the single precision complex number C0HPLEX*8 (or its array). Though the choice of 
the single precision makes the program fast, one may wonder whether it is numer
ically accurate enough. We will critically examine the numerical accuracies below 
for processes with very bad gauge theory cancelations. It is shown that the choice of 
single precision is always enough for the processes below several TeV at the 1% level, 
usually up to ~ 100 TeV. The HELAS subroutines have been coded with a great care, 
in order that they do not lose numerical accuracy, while being efficient, within their 
expected functions. Furthermore, the electroweak gauge theory cancellations and 
the photon/electron collinear singularities have been cautiously treated in HELAS. 
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Table 2: List of'External Lines' Subroutines. 
External line Subroutine 

Flowing-In Fermi on 
Flowing-Out Fermion 

IXXXXX 
oxxixx 

Vector Boson vxxxxx 
Scalar Boson sxxxxx 

Table 3: List of the vertex subroutines in HELAS system. 
Vertex | Inputs Output Subroutine 

FFV FFV 
FF 
FV 

Amplitude 
V 
F 

I0VXXX 
JIOXXX, J3XXXX 
FVIXXX, FVOXXX 

FFS FFS 
FF 
FS 

Amplitude 
S 
F 

iosxxx 
HIOXXX 

FSIXXX, FSDXXX 
VVV VVV 

VV 
Amplitude 

V 
VVVXXX 
JVVXXX 

VVS vvs 
vs 
vv 

Amplitude 
V 
S 

vvsxxx 
JVSXXI 
HVVXXX 

VSS vss 
ss 
vs 

Amplitude 
V 
S 

vssxxx 
JSSXXX 
HVSXXX 

SSS SSS 

ss 
Amplitude 

S 
sssxxx 
HSSXXX 

W W W W 
VVV 

Amplitude 
V 

WWWWXX, W3W3XX 
JWWXX, JW3WXX 

VVSS vvss 
vss 
vvs 

Amplitude 
V 
S 

X 
X 

X 
X

X
X 

M
 

fit 
Bl 

> > :> 

ssss ssss 
SSS 

Amplitude 
S 

SSSSXX 
HSSSXX | 

Table 4: List of 'Utility* Subroutines. 
l.'tilities for Momentum Manipulations: 
p" I i>j]ergy,mass,costh,plii) : set up momentum HOHNTX 

rf * rt set up two momenta in c m . frame M0M2CX 
rbixiital : Lorentz boost of momentum BOOSTX 
7'|°U1H : rotation of momentum ROTXXX 
Standard Model Coupling Constants 
for V V V . V W V vertices C0UP1X 
for FFV vertices C0UP2X 
for VVS,SSS,VVSS,SSSS vertices C0UP3X 
for FFS vertices C0UP3X 
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3. 1 Gauge Theory Cancellations 
Special cares on (lie gauge tlicor.v cancellation are paid in the subroutines 

J3XXXX. VVVXXX. WWWWXX. JWWWXX, W3W3XX and JW3WXX. 
The subroutine J3XXXX computes the weighted sum W3, 

W3 = A„sin6w + Z„cas6w , (2) 

of the photon and Z currents emerging from the same fermion lines. Whenever 
you have Z- and photon-exchange lines between a common fermion line and a IV 
self-interaction vertex, then it is always better to use J3XXXX. The cancellation 
between the Z- and photon-exchange contribution is arranged analytically in J3XXXX 
whenever possible, which makes J3XXXX numerically more reliable than computing 
the Z- and photon-exchange amplitudes separately and adding them afterwards. 

The subroutine VVVXXX computes the Feynman amplitudes from three vector 
bosons. What we compute here is the following ^-matrix element: 

VERTEX = -G{((p--p+)-V3)(V--V+) + ((p+-p3)-V-)(V¥-V*) 
+ ( ( p 3 - p - ) - K + ) ( V ' 3 - V - ) } , (3) 

where \'±, \'3 are vector boson wavefunctions, and p± ,p3 are their momenta, G is the 
coupling constant. However, there is a gauge theory cancellation between the three 
terms, which can jeopardize single-precision manipulations, when all three currents 
have large longitudinal or scalar components. Fortunately, there is an expression 
which can be used to avoid the worst cancellation at high energies: 

VERTEX = -G {Up--a-V~-p+ + a+V+)-V3)(V--V+) 
+((P+ - a+V* -p3 + a3V3) • V- ) (V + • V'3) 
+((p 3 - a3V3 -p~ + a.V~) • V+){V3 • V~)} , (4) 

which is identi-al to eq. (3) for any set of complex numbers a_, a+, a3. With our 
choice of a's: 

a- = Po/V<>~ . 
<*+ = pS/Vt, 
*» = ri/tf • (s) 

we can significantly reduce the numerical values of the scalar and longitudinal com
ponent of the vector currents. 

The problem associated with gauge theory cancellations repeats again at the 
1 T I T iypp interactions. In any processes with a four-vector-boson vertex, there 
also appear two of the (-, s- or u-channel vector boson exchange diagrams as well. 
There is a subtle gauge theory cancellation between these diagrams. Even worse 
than in the case of the VVV vertex, we should expect a further cancellation with 
the lliggs boson exchange diagram when its mass is small compared to the energy. 
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In improve numerical accuracy of the program in the presence of such a cancellation, 
we bine all I he I T I T diagrams into a single subroutine, which is computed 
at tin- double precision level internally. By combining the three diagrams into a 
single subroutine, the HELAS program is made more compact. For example, two-
plmton production of a ll'-pair can be computed with a single amplitude subroutine, 
W3W3XX. 

CALL VXXXXX(PWH,WMASS,NHWM,+1 , Wit) 
CALL VXXXXXCPWP,WMASS,HH«P,+1 , WP) 
CALL VXXXXX(PA1,0. , M U 1 , - 1 , A l ) 
CALL VXXXXXCPA2.0. . N H A 2 . - 1 , A2) 
CALL SOKSXXCWM.Al.VP.AS.GWWA.GWWA.WMASS.WWIDTH , AMP) 

That s all. Mere U3W3XX computes the four-point scattering amplitude, including the 
contact, as well as I- and (/-channel W exchange contributions. The same strategy 
ha< been adopted in the JW3WXX subroutine to evaluate W/Z/i currents from the 
foiir-ir vertex. Four charged IV boson vertices are calculated by WUWWXX and JWWWXX 
subroutines. There also, the photon exchanging diagrams and the Z exchanging 
diagrams are included together with the contact four-U' boson diagram. 

3. 2 Collinear Singularities 
At high energies we also encounter collinear photon and/or electron singularities. 

Since the worst singularities appear at the electron-photon vertices with an electron 
initial state, it is useful to have a numerically safe expression for the collinear photon 
or electron emerging from the initial electron beam. We provide special subroutines 
EAIXXX. EAOXXX and JEEXXX for the particular -y-e-e vertex for this purpose. Even 
though I he quantitative predictions for such a configuration require careful treatment 
of ihe QKlJ radiative effects (multiple soft photon emissions), we find it very useful 
to be able to compute accurately exact tree-level amplitudes at all kinematical 
configurations. These three special subroutines assume that the initial e~ and e+ 

momenta are along the ;-axis, and we use sin | and cos* of the final e* or 7 
scattering angle as inputs, which arc found to be useful in efficiently evaluating 
the electron/photon propagator, as welt as the relevant products of the external 
wavefunctious, to the necessary accuracy. In the JEEXXX subroutine the output 7 
current is modified to avoid a subtic gauge theory cancellation by shifting it by a 
term proportional lo its four-momentum q1', 

J J « e ' | . | e » - • / $ - £ , > . (6) 

The proof that we can make the above shift of the 7 current both in the initial e" 
and - + cannels simultaneously (the so-called quasi-two-photon processes) is given 
in Hof. [I], which is non-trivial in the elcctroweak theory where the photon is partly 
a mm-Abelian gauge boson. 

These three special subroutines are found numerically very efficient that they can 
deal with the collinear singularities practically at arbitrary high energies. The only 
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limitation of the present HELAS system in the collinear configuration is met only 
when two or more photons or e* arc emitted along the initial c* beam direction. 
It is our belief that such configurations should be treated by a more specialized 
program for initial state radiations. 

3. 3 Error Estimations 
The numerical accuracy of the HELAS outputs have been tested carefully in 

the processes fjcjj —• 1V"£"W'jt and lv'^H'^ "~* " , T " ' ' L ' ' wh' 0 ' 1 essentially set the 
limitation of (lie use of HELAS at super high energies. Here H'^ denote longitudinally 
polarized IT* bosons. 

There are two diagrams in the former process, i.e. the /-channel vc exchange 
ami the s-channel H"3 exchange diagrams. It is well known that the amplitude 
of cai-h diagram is proportional to (E/mw)2 in the high energy limit, where E is 
the beam energy. However, the sum of the two amplitudes behaves as a constant 
asymptotic-ally, due to a gauge theory cancellation between two sets of diagrams. 
There is hence a cancellation of order (E/m\v)2 terms which is about 102 at </s 
= I TeV. and 10* at -y/s = 10 TcV. Since HELAS computes amplitudes diagram by 
diagram, it is impossible to be efficient in the gauge theory cancellation between 
diagrams of different structure. There is a possibility that the HELAS output may 
not reproduce the required cancellation in the above process. 

We first study the numerical accuracy of the HELAS output by comparing it 
with the analytic formula for the process e£ + e j —> \V[ + W£ (Fig. 2). The solid 
lines are the magnitudes of s-cliannel amplitude M, (a), i-channd amplitude Mi 
|l>) and the sum M = M, + M, (c), as functions of the cm. scattering angle 
<os?i at three energies y/s = 0.2, 1, and 10 TeV. The dots represent the relative 
"Mors of the numerical results at each cost? point. The orders of the errors in the 
amplitudes as compared with the above analytic formulae averaged over many costf 
points are summarized in Table 5. You can sec from Fig. 2 and Table 5 that the 
HELAS amplitude is accurate at the level of lO - 4 up to a few TeV against the gauge 
theory cancellation in this process. 

The severest gauge theory cancellation in the 2 —* 2 process is expected to 
take place in the longitudinally polarized weak boson scattering pi^cesses W[\V£ 
— H ;"H/ + . 7-i.Zi at high energies when the Higgs boson is light. If the oif-shell 
weak boson is in the unitary gauge, the helicity amplitude of the above processes 
receives two types of contributions: Mw is the sum of all the weak boson exchange 
amplitudes, and MH is the sum of the s- and t-channcl Higgs boson exchange 
amplitudes. In the high energy limit E > mi v , both the amplitudes Mw and MH 
are known lo Miave as (E/nm-)' while their sum remains as a constant at E > m#. 
What make the problem worse in this process is that, each diagram contributing 
lo Mw Iwliaves as (E/mwY initially, and it is only because of the electroweak 
gauge invariancc of all the couplings appearing in these diagrams that the sum 
.Kir behaves as (E/inw)2. Therefore, we should expect cancellation among order 
I/-/"»»• )1 terms in these processes, leaving only the final amplitude of ~ 1 . Note 
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Figure 2: The test of the numerical accuracies in the process c.̂ -;, - W£W£. The 
figures (a) show the s-channel 7 and Z exchange amplitude, (b) V {-channel vt 

exchange amplitude, and (c) their sum. The solid lines are the amplitudes plotted vs. 
cosfl in the cm. frame, computed by the analytic expressions. The dots represent 
(he relative error of the HELAS amplitudes. 

2 7 6 -



i 

Figure 3: The test of tlie numerical accuracies in the process Wj;W£ -» W£W£. 
The figures (a) show the sum of s and (-channel 7, Z exchange amplitudes as well 
as the four-point contact diagram, (b) the s- and (-channel Higgs boson exchange 
amplitude, and (c) their sum. The solid lines arc the amplitudes plotted vs. cos# in 
the cm. frame, computed by DHELAS. The dots represent the relative error of the 
HELAS amplitudes. 
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Table "i: Average of the order of error for the amplitudes Mt, M, and M computed 
by HELAS. We set sin2 fV=0.23, m„-=80.0GeV, m z = m l v / c o s 0„-, T z =0., and m e =0. 

V~s M, M, M 
0.2 TeV 
1.0 TeV 

10.0 TeV 

] 0 - 6 . . 

1 0 - s . i 

10-7-1 

1Q-7.0 

10" 7 ' 
10" 7 2 

J0-6.3 
10-4.5 
10- 3 ' 

Table f>: Average of the order of error in the amplitudes Mw,Mn and M 
computed by HELAS. The adopted parameters are sin20w/=O.23, miv=80.0GeV, 
i>i7 = i)i u/cos(?u'. rz=0. , and m;/=0. 

v^ M\v Mi, M 
0.2 TeV 
1.0 TeV 

10.0 TeV 

10-6.6 
10-5.6 
10-2.9 

10-6.3 
10-6.6 
10-6.< 

10-6.5 

10" 4 S 

10+0.' 

that this factor is about 101 at */s = 1 TeV, and 108 at y/s = 10 TeV. 
We show in Fig. 3, the magnitude of the amplitudes for the process W^W^ — 

i r ; " i l ' + as functions of the cm. scattering angle; |A4vv| in (a), \Mn\ for n i j = 0 in 
(l»). and \M\ = |.W,r + Mn\ in (c), at three energies y/s = 0.2, 1 and 10 TeV. The 
.lots represent the relative errors of the amplitudes evaluated by standard HELAS 
ami those obtained by its double precision version DHELAS at each cosc5 point. The 
averages of the order of the errors are again summarized in Table 6. 

We can clearly see from Fig. 3(a) and Table 6 that the numerical error of the 
Miigle precision program increases rapidly with rising energies E for Mw, exhibiting 
the cancellation among order (E/mwy terms resulting in the (E/rnw)2 behavior. 
The numerical error in the Iliggs boson exchange diagrams in MH remains small 
(see Fig. :i(b) and the middle column of Table 6) since there is no subtle cancellation 
between the s- and /-channel exchange diagrams. The terms of order (E/m\yf in 
.Miv ami MH then cancel again in the sum, and the numerical accuracy of the 
standard HELAS program is lost at s/s = 10 TeV, as can be seen from the dotted 
lines in Fig. 3(c) and the last column in Table 6. 

It is worth noting here that the loss of numerical accuracy discussed above is 
solely due to the subtle gauge theory cancellation among several Fcynman diagrams 
and that it has nothing to do with our choice of the unitary gauge for the weak 
boson propagators. In fact, we find no improvement in the numerical accuracy of 
the amplitudes when we evaluate all the relevant sub-amplitudes in the t'Hooft-
Feynman gauge. See Ref. [1] for more detail. 

In conclusion, the standard HELAS subroutines give reliable numerical results 
(error < 1 %) in the region mvv& 50 TcV for processes with three weak boson 
vertices, and at mi ' \ '~ 3 TeV in processes with four weak boson vertices. We do not 
anticipate any other sources of severe numerical inaccuracy in the use of the HELAS 
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»!il>riiiiiiri[>s. as long as one makes proper use of the special subroutines EAIXXX, 
EAOXXX atwl JEEXXX when dealing with collinear singularities. 

As demonstrated above the double precision version of HELAS, called DHELAS, 
shows n<> hint of numerical inaccuracy up to m\'y ~ 10 TeV. We may ask its help as 
the last resort, if a necessity arises. However, unlike HELAS, DHELAS is not portable. 
It can be supported only by a system which allows a C0HPLEX*32 manipulation. 

>j4 . How to check your program 
Once you write down a HELAS code of a process of your interest, what you'll 

do next is to check your program. The HELAS.CHECK subroutines (sect. 4A) are 
prepared to help you find bugs in your program. The package HELAS.CHECK also help 
you make the BRS invariance tests of the amplitudes (sect. 4.2) for the processes 
with one or more external vector bosons. 

4 . 1 HELAS.CHECK 

All the HELAS subroutines are designed to run as fast as possible. For this 
purpose, the HELAS subroutines do not check the appropriateness of the inputs at 
all. There are cases that F0RTRAN77 does not. give you any error messages no mat
ter how inconsistent your inputs are. In such cases, run-time error messages from 
HELAS.CHECK may be helpful in identifying the bugs in your program. 

Its use is just the same as HELAS, except, that you should link HELAS.CHECK 
instead of HELAS when you compile the program. Then HELAS.CHECK will test the 
consistency of all the inputs of the subroutines. In cases where F0RTRAN77 gives 
error messages, additional information from the HELAS.CHECK messages will make 
your job of identifying the error easier. In particular, possible typographical errors 
ran easily be detected by HELAS.CHECK. 

There are two levels of the run-time messages from HELAS.CHECK: 

(a) HELAS-ERROR 
(l>) HELAS-wam 

The HELAS-ERROR messages appear if the inputs cannot be accepted as suitable 
inputs, such as a negative mass, a tachyonic momentum etc. The HELAS-warn 
messages appear if the inputs may have some mistakes, being unusual, but there 
may not necessarily be errors. 

Additionally, we supply a 'scalar polarization' option for the external vector bo
son subroutine VXXXXX in HELAS.CHECK, so that you can check the program by making 
use of the BRS invariance of the scattering amplitudes (See the next subsection): 

(c) 'scalar polarization' option 

We recommend you to link the HELAS.CHECK first and perform a test-run. For 
the main-run. you should use HELAS which runs much faster than HELAS.CHECK. 
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4. 2 BRS invariance tests 
The use of HELAS.CHECK helps us finding bugs in our program. Also, since all 

our external particle wavefunctions are fixed unambiguously in terms of their four-
momenta and helicities in a given Lorentz frame, Lorentz invariance of the helicity 
summed squared amplitudes provides us with a good test of the program.'8' However, 
all hough these tests will tell us that there are no obvious errors in our program, 
they won't guarantee that, the program actually gives the correct amplitudes. We 
find that a test of the BRS invariance'9' of scattering amplitudes with one or more 
external vector bosons can guarantee the correctness of the helicity amplitudes, up 
to an overall multiplicative constant factor common to all the diagrams of a gauge 
invariant set. Not only the test provides us with an excellent proof of the correctness 
of the amplitudes but also will it. test the numerical accuracy of the program against 
the subtle gauge theory cancellations as explained in sect. 3. We have therefore 
introduce a 'scalar polarization' option to the external vector boson wavefunction 
subroutine VXXXXX in HELAS.CHECK, so that you can perform the test easily. 

There are occasions when the calculation of the amplitudes in the renormali2able 
li( gauge, the t'Hooft-Feynman gauge in particular, of the electroweak theory can be 
useful. W'c find, however, that the use of the covariant R( gauge for the weak boson 
propagators inside a tree-level helicity amplitude does not lead to a non-trivial test 
of the amplitude, nor docs it lead to a superior numerical accuracy at high energies 
as compared to the unitary gauge manipulation. We therefore choose all the massive 
vector boson propagators to take the unitary gauge form in the HELAS subroutines. 

What we find most efficient in testing the helicity amplitudes with one or more 
external vector bosons is the BRS identity,'9' 

< phys; out K^'V,, - &™vXv) \phys; in > = 0 , (7) 

where &• is the covariant Rt gauge parameter and xv >s t n e Goldstone mode as
sociated with the vector boson V. The states < phys; out | and \phys; in > are 
arbitrary physical states of on-shell external particles. By using the reduction for
mula, the identity (7) leads loan exact relationship between the S-matrix elements 
of the four-divergence of the vector boson and those of the associated Goldstone 
boson. 

< phys, Vs; out | phys; in > = - < phys, XV, out | phys; in > , (8) 

where Vs denotes the 'scalar' component of the vector boson. Eq. (8) relates an 
amplitude with a Vs emission, which is obtained from the vector boson emission 
amplitude with the replacement 

4(Pv.Av,Sv) — — • (9) 
my 

and the amplitude with an emission of the associated Goldstone boson xv- The 
amplitudes with the Goldstone boson emission arc often very simple and can easily 
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Table 7: The HELAS system. 
file name file size 

HELAS.FOR 119 kbytes 
HELAS.CHECK.FOR 191 kbytes 
HELAS.LIST1 58 kbytes 
HELAS.LIST2 •1 kbytes 
example programs 

be evaluated numerically with HELAS, in some cases even analytically. It is worth 
noting that the identity (S) between the matrix elements does not depend explicitly 
on the gauge parameter (\> and that it is valid even in the unitary gauge limit fv —» 
oc. The standard HELAS subroutines can hence be used in the test. The identity 
turns out. to be very efficient in testing the amplitudes as well as the numerical 
accuracy of the program. See Ref. [1] for more details. 

In order to perform the tests conveniently, the vector boson wave function sub
routine VXXXXX has an option NHEL = 4 in the checking program HELAS.CHECK .FOR, 
for which the polarization vector is simply its four-momentum, 

,,. , ., „ , , . , . (Pv/mv when my / 0 , , . 
(>r(pv, .V = 4) = 4(P.', Av = 4) = | " ^ w h e n m y I Q (10) 

Simply by setting the helicity of an external vector boson to be '4', you can calculate 
the amplitude for the Vs emission. The HELAS subroutines for the VVS, VSS and 
VVSS vertices arc found to be useful in calculating the associated Goldstone boson 
omission amplitudes. 

§5 . How to get HELAS 
A complete set of the HELAS files are listed in Table 7. HELAS.FOR and 

HELAS .CHECK. FOR are packages of F0RTRAN77 subroutines. HELAS.LIST1 contains 
a list, as well as brief descriptions of the inputs and outputs of each HELAS subrou
tine. When you become accustomed to HELAS, a much shorter list, HELAS.LIST2, 
will suffice when coding programs. 

The subroutine packages HELAS.FOR and HELAS.CHECK.FOR, together with 
HELAS.LIST1, HELAS.LIST2 and some example programs are available on request 
from the authors (Bitnel address: murayamaCjpnkekvx). The manual of the com
plete HELAS syst»m has been published as a KEK-Report)1' 

The HELAS system has already been used to study many interesting processes, 
especially in e*e~ collision processes since it was developed in collaboration with the 
members of the JI,C (Japan Linear Collider) physics working group. The reported 
studies include various single vector boson production processes'10' 
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detailed studies of the process'1 1' 

e+e~ - W*W~ (W± - / / ) , 

ihree weak boson productions' 1 2 , 1 3 ' 

e+e~ - W+W-Z, ZZZ, 

and di-lopton di-weak boson production processes'14' 

. + e - — c*1?,1 IK'Z, e+e-\V+W-, e+e~ZZ, I / . I / . W + W - , i/ ei/ eZZ. 

Also reported are the top quark production via e+e~ annihilation'15' 

e + e " — ttZ, 

and via the weak boson fusion processes'16' 

e + e~ —• ucueit, e*e~tt, 

as well as the detailed study near the threshold'1 7' 

e+e- -* it (t -> b\V+, I -> HV"). 

HELAS has also been used in studying Higgs production at e'7' colliders'18' 

-ye* — {u}\V±H, 

and also in studying the r-polarization signals in its multiple IT decays'1 9' 

e+e~ — .Z - . T+T- (T* — f;7,' + IT'S). 

There may be many more studies in which our HELAS program will be helpful. 
We hope that you will also find it useful in your studies. 
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Weak Gauge Boson Scattering 

Ryuichi NAJIMA 
Faculty of General Education, Yokohama College of Commerce 

Yokohama, Kanagawa SS0, Japan 

Abstract 

We present the new icmlU of cross sections for weak gauge bo
na scattering in e+e~ collirion. We employ Irsli exart matrix 
element which includes all the tree tree level feynman diagrams in 
eleetroweak theory by using the aoutomatica] amplitude generator; 
CHANEL/GRACE system. The detail behaviour of weak gauge bo-
ton production ii analysed and it is pointed out that the previous 
calculations(furion and bremsstrahlung types only) are insufficient 
and that (-channel contribution if not small especially in the case 
of large momentum W and Z boaon production. 

§ 1. Introduction 

It is well known that weak gauge boson scattering at Tev-energy has special impor
tance in future e + e~ collider physics. Especially the behaviors of the longitudinal com
ponents of W or Z boson (VKf, W[ and Z0L hereafter) have the key to solve the breaking 
mechanism of 5(7(2) x f/(l) symmetry. In the Weinberg-Salam theory(electroweak the
ory hereafter) ,which has made great success in low-energy phenomena, WjjJ", W£" and 
Zoi are made by Higgs mechanism, therefore to observe the weak gauge boson scatter
ing becomes the first step for the final test of standard model. From the standpoint of 
this view, e+e~ collider has the advantage compareing with proton-proton colliders like 
SSC or LHC, because in pp collision the weak bosons can be produced also through the 
Higgs boson which is made by heavy fennion loop from initial gluon fusions(Wilczek 
mechanism). 

§ 2. s-channel contribution in weak gauge boson scattering 

* Work in collaboration with Y. Kurihara(KEK) 
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We have already calculated all the weak gauge boson scattering process ; e+e —> 
vtv;W+W-, c+e-W+W-, vcv;Z0Zo, e+e-Z0Z0, e~v;W+Zo and e+utW~Zo by the au
tomatical helicity amplitude generator CHANEL/GRACE P I . The CHANEL/GRACE 
system have been widely and precisely tested for various processes including e~e+ —> 
/ i~/ i + 7 and e~e+ —» W+W~f . Here we present first complete tree level calcu
lation for weak gauge boson scattering especially focussing on the important reaction 
e + e~ —> vtViW+W~. There exist enormalous calculations which are called "effective 
^-approximation" or "exact", so on. However, even "exact" calculations do not contain 
"« channel" contributions(32 diagrams) like figure 1. It is thougt that these contribu
tions may be small and indeed it is true for example, in the reaction e + e - —* e + e - / i + / j ~ 
in QED(nol electroweak theory) in the TRISTAN or LEP eneregy regions, (below 1 per
cent compareing with the fusion and bremsstluhng type) But there is no guarantee that 
the same situatiation will occur in weak gauge boson scattering in TeV-energy regions. 
Fortunatelly the CHANEL/GRACE system easily enable us to sum up all the diagrams 
and offer exact numerical values, even if we only construct a suitable kinematics for each 
process. In numerical calculation of kinematical valuables, we used BASES " which is a 
splendid program for Monte Carlo integration. Here we study detailed behaviors of W 
boson in the reaction e + e ~ —> vtviW+W~ by employing truely exact matrix elements. 

§ 3. Results 

First we show the energy distributions of W boson in Figure 2 in which we compare 
truely exact and quasi-exact (fusion and bremsstrahlung types only). Clearly we can see 
the difference especially around the large Mww- The excess for the total cross section 
is about 8 percent in this case. But the difference become larger when the mass of Higgs 
boson come up to ^ ( F i g u r e 3). 

Figeure 4 shows the various helicity dependence of W boson in the case of E^mm = 
750GeV with MJJ = 750GeV(rjj = 175GeV). From this figure, we can clearly distinguish 
longitudinaly porlalized W from transversally porlalized W in energy dependence of 
W boson. We can see that s-channel contribution with large momentum comes from 
transverse W -pair production. Furtheremore it is noted that longitudinal W+W~ 
production is rapidlly decreasing when Mg is increasing for fixed T/S. This situation 
indicates that the decrease of momentum flow to (-channel virtual W boson for Higgs 
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boson production overcome the strong coupling HW+W~. But this situation shows us 
that if there exist new stong interaction which produce longitudinal W boson, it becomes 
easily to ditect their signals. 
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FIGURE CAPTIONS 

1) 9 examples of s-channel Feynman diagrams for reaction e + e - —» veV^W+W~ 
drawn by GRACE. 

2) Energy distributions of the reaction e + e~ —• vcV^W+W~; truly exact(solid), fu
sion and bremsstrahlung types only(dashed) for the case of £ f c B m = 750GeV with 
MB = 750GeV(r^ = 175GeV). 

3) Same figure as fig.2 the case of Eum = 500GeV with MR = 800GeV. 

4) Energy distributions for various helicity states: (a)total, (b)H^ W[ (c)Wjt Wf 
(d)W? Wl. 

5) Higgs mass dependences of the cross section for W£ W[ ptoduction. 
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JLC standard event generators 
Y.Kurihara 

Physics Department, National Laboratory 
for High Energy Physics 

To investigate feasibility of physics at TeV energy region, We have to 
calculate cross sections from Feynnian amplitudes for processes with multi-particle 
final siate. We also have to do the event generation and detector simulation to determine 
a detector design anil a requirement of necessary luminosity. The JLC working group 
have developed useful software and hardware tools for above purposes. Overview of 
the tools developed for the physics study at the JLC is given in this report. 
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§1. Introduction 
The main purpose of the JLC is search for missing pieces of the standard 

model. Megs boson and top quark, and to look into new physics beyond the standird 
model, for example SUSY model. To check feasibility of those physics at the JLC, we 
have to calculate cross sections of all background processes expected in known gauge 
theory as well as the signal process. As a first step, a tree level calculation is enough to 
study analysis methods, necessary luminosity, a signal-to-background ratio and so on. 
This is. however, not a easy job because the number of background processes is large 
and the number of amplitudes contributing to the process is enormous. A general 
method and its difficulties to calculate the cross section are described in reference 1. For 
a heavy Higgs search, there are background processes listed in Table I. The number of 
amplitudes are greater than fifty, and some processes have more than a hundred 
amplitudes as summarized in Table I. If we calculate the matrix element squared by a 
symbolic manipulation program such as REDUCE, output FORTRAN code is too long 
even if we can fortunately get the result without "PUSHDOWN STACK OVERFLOW" 
or "GC-STORAGE EXHAUSTED...". We have to spend much time to get resultant 
formulae of the matrix element squared by REDUCE for complicated processes. After 
that a numerical integration of Feynman amplitudes under the multi-body phase volume 
requires a long CPU time. We need some good tools both for software and hardware to 
investigate TeV physics. 

The JIX working group have done many studies of TeV physics*2' 
overcoming those difficulties with help of utilities HELAS, GRACE/CHANEL, and 
BASES/SPRING. To reduce the CPU time for cross section calculation, a parallel 
processor and a vector processor are tested for the numerical integration of the 
Feynman amplitudes. I will report a overview of those utilities in this report. 

§2. HELAS, GRACE/CHANEL 
One solution to reduce the huge output of FORTRAN code in Feynman 

amplitude calculation is to calculate the amplitude itself numerically instead of 
calculating the amplitude-squared symbolically. Length of the FORTRAN code of the 
amplitude-squared calculation increases proportionally to square of the number of 
diagrams, while that of the amplitude calculation is proportional to the number of 
amplitudes. For the process which has large number of diagrams, numerical evaluation 
of the Feynman amplitude have great merit. It, however, have to be carefully calculated 
not to lose a precision in numerical calculation, because gauge cancellation among 
diagrams becomes much severe for higher energy region. In the numerical-
amplitude-calculation method, the amplitudes are summed up before it's squared. Thus 
one can expect the gauge cancellation is moderate compared with that after squared. It is 
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known, for instance, thai the process e+e-—»e+eW+W- has o(10 1 0) cancellation among 
diagrams before its squared at center-of-mass energy of 1 TeV; it can be safely 
calculated by double-precision variables of FORTRAN. A special treatment for 
collinear singularities is necessary. 

HELAS ( , ) . developed by Murayama, Watanabe, and Hagiwara, is a set of 
FORTRAN subroutines which gives us numerical values of the helicity amplitudes of 
an arbitrary tree-level Feynman diagram. One can easily write down a FORTRAN 
program to calculate the helicity amplitude of given process with a simple sequence of 
CALL SUBROUTINE statements. CHANELW, developed by Tanaka, is the same 
kind of subroutine package. 

GRACE' 4 ', developed by Kaneko, is an automatic Feynman diagram and 
FORTRAN code generator. If user specify initial and final particles, GRACE draws all 
possible Feynman diagrams which appear in the standard electroweak theory. 
Moreover GRACE creates FORTRAN codes to calculate the Feynman amplitudes and 
to integrate the matrix element squared in the phase space with help of CHANEL and 
BASES15'. Remaining job for users is writing down the kinematics part of the program. 
Once the numerical integration program is made by help of BASES, it is easily 
extended to an event-generator with help of SPRING <5>. 

The chief feature of HELAS system is its flexibility. We can easily add new 
couplings such as anomalous couplings of the gauge bosons and easily add decay part 
of the final panicles. The amplitudes which are known to be zero before calculation can 
be omitted from the calculation to reduce the CPU time. The advantage of 
GRACE/CHANEL system is its automaticity. We can minimize time for program 
development and avoid to introduce human errors (bugs) in the codes. Only 
GRACE/CHANEL allows us to calculate the complete set of Feynman amplitude of 
complicated processes which have a large number of amplitudes. An example of the 
total cross section calculation of multi-gauge-boson production processes'6) done by 
GRACE/CHANEL is shown in figure 1. 

The JI.C working group has developed programs of the cross section 
calculation and the event generator for the processes listed in Table II using those 
programs. 

§3. Test of parallel and vector processors 
After developing the programs to calculate the cross section, the numerical 

integration requires a lot of CPU time. For instance the process of v,,v cW+W-, which 
has 60 diagrams, needs 5700 sec for the numerical integration by FACOM/M780 
computer (20 MFLOPS) to get a result with a few percent statistical error, and W+W-

Yy(l38 diagrams) needs 22720 sec. To boost up a computation power, we have tested 
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a parallel processor Intel iPSC/860 (3.97 MFLOPS/CPU) and a vector processor 
HITACHI SX2WI) (3 GFLOPS). BASES is modified to fit to the parallel processor by 
Kawahata and lshikawa<7). The integration time is successfully reduced by increasing 
the number of nodes of the CPU as shown in figure 2. If we fit the CPU time Tn as a 
function of the number of node, n, by TH = S + Q/n, we got 1-S/Q, which showed an 

efficiency of parallel programing, is 99.91% for W+W- yy process. Now iPSC/860 of 
the 16 CPU's are available at KEK and its integration time is 1/3 of that of FACOM. 
The result of a integration in a workstation is sent to FACOM, and the event-generation 
is done by FACOM which has large mass storage for generated data. If we use the 
vector processor, we can gain another order of magnitude in the CPU time reduction. 
Vectorization, however, should be done by hand currently; it is a time consuming task. 

§4. Summary 
The JLC working group has established the method to develop the event 

generators efficiently by using the utilities HELAS, GRACE/CHANEL, and 
BASES/SPRING. HELAS and GRACE/CHANEL have their own features and are 
used complimentarily. The most time-consuming part of event generation, numerical 
integration of Feynman amplitudes, can be performed by parallel processor; the four-
vector creation, which requires large mass-storage for output data, is done by 
main-frame computer. A lot of fruitful studies have been done with help of those 
system. 
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PROCESS Number of diagrams 
(unitary gauge) 

e+e" -»v e v e W + W-

e+e-W+W" 

e+veW"Z 

60 (56) 

114 (102) 

88 (80) 

v e v e Z Z 

e+e-ZZ 

57 (55) 

86 (86) 

yyW+W- 138 (82) 

Table I: Signal and backgrounds of hevy Higgs search 
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1 body 
process status 

1-1 e o 
2 body 

process status 
2-1 c-»e- o 2 2 SI o 2 3 tt o 2-4 vv 0 
2-5 77 o 2(i Z » 7 o 2 7 X D X ° o 2-8 iv+iv- 0 
2-9 Znll 0 

(not lowest) 
2-10 l" X 

3 body 
process status 

3 1 c + c - 7 0 
3 2 III 0 
3 3 111 0 
34 uVf 0 
3 5 c+c-Z° 0 
3-(> ffz" X 

3-7 aza 0 
3-8 vvZa 0 
3 9 c+i/JV" 0 
3 10 777 0 
3 II Z°77 0 
3-12 Z"Zn-, 0 
3-13 Z°ZaZ° 0 
3-14 IV+IV-7 0 
3-15 w+w-z° 0 
3 If. Z°//7 0 
3-17 ZallZa 0 
3-18 c+e-ll 0 
3 19 vvll 0 
320 W+WII 0 

3-21 an O 
3-22 iinz" 0 

(not lowest) 
3-21 nit X 

( / l / 2 / » / « ) 
4 body 

process status 
4a-l e + e _ c + e - X 

4a-2 c+c-f7 0 
4a-3 c+e-lt 0 
4a-4 i/T7e+c~ X 

4a-5 ™II X 

4a-6 vVil 0 
4a-7 c~Vtb X 

(/i/ aV,V4) 
4b-1 c + c 77 X 

4b-2 c+c-Z°7 X 

4b-3 c+c-Z°Z0 0 
4b-4 c+c-W+W- 0 
4b-5 cl'77 0 
4b-6 vVZ*~t X 

4b-7 V¥Z°Za 0 
4b-8 vW+W- 0 
4b-9 c+vW~i X 

4b-10 c+vZaW- 0 
(V1V2VW) 

4c-1 7777 X 

4c-2 Z°777 X 

4c-3 if°Z°77 X 

4c-4 Z°Z°Z°1 X 

4c-5 Z°Z0ZaZ° X 

4c-6 W+W-77 O 
4c-7 Z°W+W~i x 
4c-8 Z°ZaW+W~ x 
4c-9 w+iy-w+w- x 

Table II: Tabic of processes 
(x not yet prepared) 
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In termedia te Mass Higgs Search at 300 GeV c + e Colliders 

JUN1CHI KANZAKI 
KEK, National Laboratory for High Energy Physics 

1-1, Oho, Tsukuba-shi, Ibaraki-ken, 305 JAPAN 

1 Introduction 
Importance of search for light Higgs, of which existence is strongly suggested by 
minimal SUSY theory [2], at future accelerators is increasing very much. Its search 
and analysis at 500 GcV c + e " linear colliders have already been shown at the second 
JLC workshop [1]. In this report those at lower energy ( 300 GeV) linear colliders 
are presented. 

2 Higgs Production and ZQ decay 
Compared to the light Higgs search at 500 GeV, we can obtain more production 
cross for the process e+e~ —» ZaHa (Fig. 1). Searching strategy for light Higgs in 

io-» 

•« 
• M i M *7t 1 Mi 1J 

vrcr«v) 

Figure 1: Ccntcr-of-mass dependence of the total production coss section for the 
process e + e _ - • Z°H° 

this process depends on the decay mode of Z". For discovering light Higgs it is 
desirable that a target final state has the largest cross section. The decay mode with 
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the largest branching fraction is hadronic mode (Br(Z° —» qq) ~ 30%), so that our 
primary target should become a four-jet final state. 

e+e- -» Z°H" (1) 
-* qq + 66 (2) 

3 Detector Parameters 
Analysis of such four-jet tinal state is essentially just reconstructing mother parti
cles from hadronic two-jet invariant masses. It is of course desirable to achieve good 
reconstruction resolution for jet invariant masses. Energy and momentum of these 
hadronic jets is measured by central tracking chamber and hadron calorimeters. As
sumed parameters for these detectors arc: 

tracking device ^PT/PT = 11 x lO~*pr[GeV] ©0.001 
tracking device "VTIVT = 5 X 10~hpT[GeV] © 0.001 

(with vertex constraint) 
electro magnetic calorimeter <TE/E = 0.15/'VE© 0.02 
hadron magnetic calorimeter OE/E = 0.40/\/l?©0.02 

There exists another problem in really calculating jet invariant masses at analysis 
stage, where particle information is extracted from detector information, such as en
ergy deposit in calorimeter segments. Finite size of such segments causes overlapping 
problems between near by particles and makes finally obtained mass resolution worse. 
We can check an ideal resolution for perfect detector, including fragmentation and 
jet fragmentation effects, by using generator information instead of analyzed parti
cle information. In this ideal case, we obtain less than 2 GeV mass resolution for 
light Higgs with mass of 130 GeVAnd, if we use primitive clustering; algorithm for 
calorimeter information, we just obtain a resolution of 4.5 GcV for such Higgs signal. 
Some efforts to obtain better jet mass resolution by improving clustering algorithm is 
now going on, and we obtained around 2-2.5 GeV resolution. Such elaborate cluster
ing method is still at preliminary stage, but, I used this resolution for the following 
analysis. 

In this analysis for light Higgs search, large background from W*W~, which has 
roughly 200 times larger cross section, causes a serious problem. Tagging 6-flavoured 
jets by a vertex chamber will greatly improve this situation, because jets from W + IV" 
production rarely include b-quarks. Tagging efficincics for hadronic jets estimated 
from assumed impact parameter distributions for charged tracks arc summarized on 
Table 1. According to this table, reduction efficiency for some processes after 6-flavor 
tagging is summarized in Tabic 2. If the tightest selection criteria is adopted for 
four-jet final states, background from W+W~ c;in be greatly reduced and causes 
practically no problems in the analysis. 
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jet flavor No. of 
tracks with large im
pact parameter 

jet flavor 

1 2 3 
u,d,s 21 3.8 0.8 
c 58 30 12 
b 85 73 55 

Tabic 1: Tagging efficiencies (%) for various flavored jets by requiring large impact 
parameter tracks 

processes reduction factors 
No. of required tracks 1 2 3 
Z"H°(m„ = 90 GcV) 77 56 34 

Z°H°(mH = 140 GeV) 53 38 22 
ZUZU 36 19 10 

w+w- 20 2.7 0.3 

Table 2: Reduction factors (%) for various processes by tagging b-flavored jets 

4 Analysis 
Analysis method is already described in ref. [1]. Improved invariant mass resolution 
makes it more easy to identify Higgs signal from background. Fig. 2 shows result of 
analyzing only / £ dt=4 pb" 1 data, which corresponds only two-weeks data taking 
with the standard JLC parameters. 

5 Results and Summary 
It is shown that light Higgs, whose existence is strongly suggested by minimal SUSY, 
will be able to be discovered in future e+e~ linear colliders. Only days data taking will 
be needed at JLC with its standard parameters, when four-jet final state is analyzed 
for e + e " -» Z°H° production process. Efficient b-flavor tagging is essential for this 
analysis to make huge background from W+W~ process negligibly small compared 
to the Higgs signal. Further study on detector parameters and analysis procedures is 
needed to improve jet invariant mass resolutions. 
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(a) (b) 

Figure 2: Jet invariant mass distribution for 4-jet final states at i/s = 300 GeV (L.) 
without cut on production angle and (b) with cut at |cos0| < 0.6 
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SUSY Higgs with JLC-I 

K. Kawagoe2 and S. Onto 1 , 2 

Department of Physics1 

and 

International Center for Elementary Particle Physics2, 

Faculty of Science, University of Tokyo 

7-3-1 Hongo, Bunkyo-ku, Tokyo 113, Japan 

Abstract 

We present a strategy to discover the SUSY Higgs (h°) with JLC-I, i.e. 
the future Japanese e + e~ linear collider starting at y'S = 300 GeV. Such a 
collider will discover the SUSY Higgs or rule out natural Supersymmetric 
extensions of the Standard Model, and thus will determine the future 
direction of particle physics. The nature of the Higgs can be studied in 
an unbiased way with negligible backgrounds. The SUSY Higgs can be 
distinguished from the Standard Model Higgs in a large domain of the 
parameter space. 

Contribution to The Third Workshop on Japan Linear Collider (JLC) held at KEK on 18th-
20th February 1992. This paper includes progress since the Workshop. 
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1 JLC-I 

One of us has made the proposal [1] for JLC-I (also called JLC-300, Japanese 
e + e~ Linear Collider starting at -^/s = 300 GeV) at The Third Workshop on 
JLC in February 1992. The main motivation was to discover and study the 
lightest neutral scalar Higgs boson (h°) predicted in Supersymmetric Models. It 
was shown that such an e + e " collider will discover the Higgs boson or rule out 
the Minimal Supersymmetric Model. A strategy to detect and study the Higgs 
boson was presented. In this paper, we perform a Monte Carlo simulation of the 
reaction e+e~ —> h°Z° in order to examine such strategy in detail, and confirm 
the conclusions of the reference 1. 

2 GUT and SUSY from LEP Data 

The experiments at the e + e " collider LEP at CERN have provided unprecedent-
edly precise measurements to test the Standard Model of electroweak interactions 
[2]. The measurements at LEP not only verify the Standard Model at the energy 
scale of A/zo, but also constrain the possible new physics beyond the Standard 
Model at higher energy scales. 

The LEP experiments determine the effective Weinberg angle, sin2 #w> to be 
0.2335 ± 0.0009 [3], combined with the W boson mass at pp colliders [4] anc1 

the sin 2#w value at j/N scattering experiments [5]. This very accurate value has 
a great importance on Grand Unified Theories (GUT's) [6]. Most of the GUT 
models predict that the sin2 $<// value of 3/8 at the energy scale of the unification 
(A/GUT)- Depending on the details of the models, sin !6w runs dawn to a value 
between 0.21 and 0.24 at Mzo, assuming no new physics between Mzo and MGUT 
(Desert). Among the models of GUT's, the simplest model, SU(5) GUT, predicts 
sin2 #w ~ 0.21 which is not consistent with the LEP value. On the other hand, 
the prediction of the SUSY-SU(5) GUT agrees well with the L"P data as seen 
Figure 1. Grand Unification requires that the three coupling constants a,(Mzo) 
(i = 1,3) for the gauge group SU(3)xSU(2)xU(l) of the Standard Model meet 
at a single unification scale A/GUT, as they are evolved to higher energy scales. 
Based on the cti measured at LEP [3, 7], SUSY-SU(5) results in the unification, 
while non-SUSY SU(5) does not [8]. These facts, together with the Tnt/mT ratio, 
may be considered as the first experimental hints, though indirect, of Grand 
Unification and Supersymmetry in nature. 
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3 Higgs below 200 GeV, SUSY or non-SUSY 

Supersymmetry is the most attractive way of extending the Standard Model in 
view of hierarchy problem for example [10]. In the Minimal Supersymmetric 
extension of the Standard Model (MSSM) [9], the Higgs sector contains five 
physical states, namely two CP-even scalar bosons (h° and H° with M|,o < Mac), 
one CP-odd scalar boson (A 0), and a pair of charged bosons (H*). Their natures 
are determined by only two free parameters (Mtp, the mass of A 0 , and tan/? = 
v2/vj, the ratio of the vacuum expectation values of the Higgs doublets). The 
mass of the lightest Higgs h° turns out to be lighter than Mzo at tree level. 

The mass of h° is subjected to radiative corrections, which depend on the 
top mass (Mt) and the scalar top mass (iWj) [llj . From the LEP and CDF data 
the top mass is confined to be between 89 GeV and 200 GeV [3, 12]. If we, for 
example, choose the central value of 140 GeV for Mt and a value of 1 TeV for 
M;, Mw is below 110 GeV for any combination of (taa^,Mj^). Mi 0 does not 
exceed 160 GeV for any given values of M, < 200 GeV and M{ < 10 TeV. 

It is also shown that this limit on Mip does not significantly change even with 
the non-minimal Supersymmetric models with extra singlet Higgs [13] or extra 
family [13]. 

It should be noted that even without Supersymmetry the mass of the Standard 
Higgs HSM is bound to be below 200 GeV in order to avoid the blowing up of 
the Higgs self-coupling [14], which would destroy the approximately correct GUT 
predictions of sin2 flw and the ratio mt,/mT. 

Since the Higgs boson with mass up to 200 GeV is kinematically accessible 
at v ^ = 300 GeV via e+e - -> h°Z° or e+e - -+ H S M Z ° , it can be concluded 
that at least one Higgs boson will be detected at JLC-I with or without assuming 
Supersymmetry. If not, we would be obliged to abandon the concepts of GUT 
and Supersymmetry, or new physics must come in between M%o and MQUT- In 
any case the outcome of JLC-I will determine the future direction of particle 
physics. 

4 Hadron Colliders versus JLC 

The current lower limit on the mass of the (Standard Model) neutral scalar Higgs 
is 58 GeV at 95 % confidence level [15]. LEP II will cover the mass region up to 
80 ~ 90 GeV [16]. 

The discovery of an intermediate mass (80 ~ 130 GeV) Higgs is difficult with 
the future hadron colliders (LHC and SSC) even for the Standard Model Higgs, 
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because of the small branching ratio of ~ 10" 3 to 77, which is the only decay 
mode perhaps feasible with the hadron colliders. This channel is also a difficult 
one from the experimental point of view, since the maintenance of excellent 
resolution and stability of the calorimeter is required over a long period in an 
environment of strong radiation. 

The situation becomes much worse in case of SUSY Higgs, as the branching 
ratio of h° —» 77 is further suppressed in a large domain of the parameter space 
due to the enhancement of the dominant decay width r(h° —> bb). 

Therefore we judge that SUSY Higgs will be an extremely difficult object to 
be detected with the hadron colliders. We will show that the SUSY as well as the 
Standard Higgs can be unambiguously detected with JLC-I. Furthermore JLC-I 
enables us to study its nature in an unbiased way with negligible backgrounds. 
We can thus distinguish the SUSY Higgs from the Standard Model Higgs in a 
large domain of the parameter space. 

5 Cross section of Higgs Production 

fn Figure 2a the tree level total cross section of the processes e+e~ —> HSMZ 0 is 
shown for various M H S M values together with those of the background processes 
e + <r -> W + W " , and Z°Z°. The production cross sections of SUSY Higgs h° and 
H° can be expressed by the following formula: 

a{e+e- - h°Z°) = sin*(/3 - a)cr{e+

e- - . H S M Z°) 

o{e+e- - H°Z°) = cos2(/3 - o > ( e +

e - -> H S M Z°) 

where a is the CP-even Higgs mixing angle. As seen in Figure 9, the value 
sin2(/3 - a) is a function of (tan/3, MAO), and approaches to 1 as MAO increases 
beyond 100 GeV irrespective of tan/?. 

For a small MAO and a large tan/3, sin2(/3 — a) can be small, where the 
detection of h° may not be easy via h°Z° process. However for such parameters, 
MH» is small and H° will be produced via the H°Z° process at JLC-I with the 
full strength (cos2(/3 — a) ~ 1). H° resembles h° as far as our detection methods 
concern. Therefore we concentrate in this paper on e + e " —» h°Z c by setting 
sin'(/3 - a) = 1. Our conclusion will not change for most of sin2(/3 — a) values 
as discussed above. 

It should be noted that in some parameter region with an intermediate 
sin2(/3 - a) value, we have a chance to discover simultaneously h° and H° . 
Thus we can discover at JLC-I "either h° or H°" or "both h° and H°", depending 
on the SUSY parameters. 
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While the processes e+e~ -» Z°Z° and e+e~ —» W + W~ have peaks in the 
forward direction, the differential cross section of the process e +e~ —» h°Z° (and 
HSMZ 0 ) is proportional to sin 20 (8 is the polar angle with respect to the beam 
axis). Therefore an angular cut such as |cos#| < 0.7 is useful to enhance the 
signal of e + e " —» h°Z°. The cross sections in the angular region of |cosfl| < 0.7 
are shown in Figure 2b. 

6 Event Simulation 

We generate events for the reactions e + e~ -+ h°Z° and e + e " - • Z°Z° includ
ing the decays of h° and Z°, by using the HELAS[17] and BASES/SPRING[18] 
program packages. HELAS evaluates helicity amplitudes of any Feynman dia
grams at tree level. BASES performs numerical integration of the amplitudes 
and SPRING generates events according to the result of BASES. In the event 
generation, the beam energy spread and initial state radiations are taken into 
account [19]. In case that an event contains quarks, the hadronization process is 
simulated by the LUND7.2 program [20]. 

Pictures of typical e+e~ —< h°Z° events are shown in Figure 3. 

The generated events are fed into a simple detector simulation program. We 
assume here a detector with excellent momentum/energy resolutions and good 
capabilities for the lepton identification as well as the i-jet tagging. As noted in 
[lj, such a detector is very essential for the Higgs boson search, and is feasible 
with present-day technologies. 

The energies and momenta of particles are smeared with the following reso
lutions. 

• Central Tracking Detector for the momentum of charged particles [21]: 

OPT/PT = ^(0.41 x 10-"P r ) 2 + (1.8 x 10-") 2 (PT in GeV/c) 

where Pj- is the transverse momentum of a track with respect to the beam 
axis. This excellent momentum resolution can be achieved if we apply 
a vertex constraint in the fit of the track. The constraint is reasonable 
because of the very small beam spot size of a linear collider. 

• Electromagnetic Calorimeter for the energies of photons and electrons: 

°B/E = \ /(0.10/\/B) a + (0.02)2 (S inGeV) 

• Hadron Calorimeter for the energies of hadrons: 

aBjE = v/(0.50/\/£) a + (0.02) ! {E in GeV) 
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Charged hadrons are measured both in the Central Tracking Detector and in the 
Calorimeters. It is assumed that the charged tracks and calorimeter clusters can 
be perfectly matched, and the energy/momentum value with better resolution is 
taken as the measured particle energy. 

We assume that leptons (electrons and muons) with the momentum above 2 
GeV/c can be perfectly identified, even if they are in the middle of hadron jets. 
This seems to be feasible judging from close examination of 6-jets from Higgs 
decays. 

The 6-jet tagging is a very useful tool to reduce background events from 
e + e " -» Z°Z° and e + e " - • W + W " . For the simplicity we assume that a pair of 
jets from a h° decay can be tagged as 46 jets with 95 % probability, while 33 % 
of jet pairs from the Z° decays are tagged as 66 jets (22 % from 66 jets and 11 % 
from other qq jets). Such a loose 6-jet tagging seems to be easily achieved by the 
cuts on the impact parameters of the tracks in the jets, which can be precisely 
measured with a vertex detector [22]. 

The angular region of the detector acceptance is assumed to be [ cos 8\ < 0.90. 

7 Event Selection and Mass Reconstruction 

In this section the selection criteria of e + e~ —> h°Z° events and the techniques 
to reconstruct the mass of the h° are described for various decay modes of Z°. 

7.1 h° — bb and Z° -» uv 

The e + e " —• h°Z° events with h° —* 66 and Z° —» uv are characterized by two 
hadronic jets and a large missing energy (see Figure 3a). The invariant mass 
distribution of the two jets must have a peak at MHO. The main background is 
the reaction e + e " —» ZCZ° where one of the Z°'s decay into qq and the other into 
vv. This background is serious if M\p is close to M^o. 

At fiist we have to define jets in an event. As the masses of u, d, s, c and 6 
quarks are much lighter than those of the h° and the Z°, the quarks tend to form 
narrow jets in the event. The following algorithm is used to identify these jets. 

• We search in a cone of 30° half-width for another particle, starting with 
the highest energy particle, If another particle is found, the sum of the 
momenta of the two particle is used to define the center of a new cone. 
This procedure is repeated until no more tracks can be added. Of the 
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remaining particles the one with the highest energy is used as the center 
for a new cone and the above method is repeated until all particles are 
assigned to a cone. If the sum of the energies of the particles in a cone is 
greater than 5 GeV, the cone is regarded as a jet. 

The event selection is based on the results of the above jet analysis, as follows. 

• The number of jets is exactly two. The polar angle of each jet, 8j, should 
satisfy | cos 6j\ < 0.9. This is to avoid the inefficiency of the particle detec
tion in the small polar angle region. 

• The polar angle of the missing momentum, 9 m ;„ , should satisfy | cos 8mi„ \ < 
0.7. As the direction of the missing momentum is roughly equal to that of 
Z°, this cut enhances the h°Z° signal to the Z°Z° background. 

• The maximum momentum of the leptons (electrons and muons) found in 
the two jets should be less than 2 GeV. This cut rejects most of the events 
with semi-leptonic 6 decays, in which the energies of the jets are mismea-
sured due to undetected neutrinos. 

• The two jets should be tagged as 44 jets. This is to reduce the Z°Z° back
ground. 

For the remaining events, the invariant mass, MjJS , is calculated. In this way 
the mass of h° is directly measured and is free from the effect of initial state 
radiations as well as the beam energy spread. The mass resolution is dominated 
by the jet energy resolution. 

7.2 h° -» bb and Z° -» l+r 

The e + e " - • h°Z° events with h° -» 66 and Z° -> l+l~ (I = e, ft) are charac
terized by two hadronic jets and a pair of high-momentum leptons (see Figure 
3b). The invariant mass distribution of the two jets will peak at Mtp. The main 
background is the reaction e + e~ —» Z°Z° where one of the Z°'s decay into qq and 
the other into t+l~. 

The selection criteria are as follows. 

• There should be a high-momentum lepton pair (e +e~ or ^ + / J " ) in the 
angular region |cos0| < 0.9. 

• After excluding the lepton pair in the event, we perform the same jet analy
sis as the previous Z° —> vv channel. The number of jets should be exactly 
two. The polar angle of each jet, 6j, should satisfy | cos Bj\ < 0.9. 
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• The momentum of Z° is defined as the sum of those of the high momentum 
leptons. The polar angle of the momentum, 6z, should satisfy |cos# z | < 
0.7. This cut enhances the h°Z° signal to the Z°Z° background. 

n 

• The momentum balance along the beam axis, defined as 153 PzAi must be 

less than 5 GeV. 
• The two jets should be tagged as bi jets. This is to reduce the Z°ZC back

ground. 

There are two ways to reconstruct A/ho for the remaining events. We choose 
one of them, depending on whether we are in the "Discovery Run" or "Precision 
Run" (see section 6). 

1. Recoil mass, M^'c, from the measured energy/momentum of the lepton 
pair only. 

This method is very simple and is independent of any detail of the h° decay. 
As the lepton pair is the decay product of Z°, this method is complemen
tary to that of the Z° —• vv channel, which is based only on the decay 
product of h°. The mass resolution is determined essentially by the lepton 
momentum resolution and the beam spread. If a photon is radiated from 
the initial state with a large energy, the recoil mass calculated in this way 
is overestimated. 

Fitted mass, M$, calculated as a result of a kinematical fit. In the kine-
matical fit, the directions of the leptons and jets are fixed as measured, 
and their energies (E{+, Et-, Ejen and Ejea) and the photon momentum 
(l\) as well as the initial beam energies (£«+ and Et-) are fitted so that 
the following function F is maximized. 

F = F,vbm(E^,B^r')xFlvlan(Et-,Bpr") 
x FjU(Ejtti,E^l"') x Fjtt(Ej,a, ££?") 
X FuamiE.^) X Fuam^E.) 

In the above formula, F/̂ ian (F,.i) is the probability function of a lepton 
(jet) with energy Et± (£,,») to be measured as £J5"' (£>£"'). /i^ion is 
assumed to be Gaussian with the average EJ±" and the standard deviation 
determined by the detector simulation. F,e< is also assumed to be Gaussian 
unless a lepton with energy more than 2 GeV is found in the jet. If found, 
the jet is regarded to have undetected neutrinos from semi-leptonic (-decay, 
and a function determined by a Monte Carlo study is used instead. /•*.«„ 
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is the probability function of the initial beam energy and is assumed to be 
flat in a region with a central value of y/a/2 and a certain full width (2 % 
for the Discovery Run and 0.4 % for the Precision Run). The maximization 
is performed under the kinematical constraints: 

En + Et- + Ejcli + Ejct2 + \R,\ = Ee+ + Ec-

Pt* + Pi- + P&i + Pj*n + P\ = (0,0, £.+ - Et-) 

This fitting method is found to successfully suppress the effect of initial 
state photon radiation with a large energy, but is also found to have small 
tendency to make overcorrections for events with no or small initial state 
photons. Thus this method is complementary to the recoil mass method. 

7.3 h° -» bb and Z° -> qq 

The e + e" —> h°Z° events with h° —» bb and Z° —> qq are characterized by four 
hadronic jets (see Figures 3c and 3c). The main background is the reaction 
e + e" -» Z°Z° where both Z°'s decay into qq. The reaction e+e" -» W+W" is 
also a potential background source but may not be so serious if the b-tagging is 
highly efficient. 

The selection criteria are as follows. 

• After the jet analysis, the number of jets is exactly four. The polar angle 
of each jet, 6j, should satisfy | cos0j| < 0.9. 

• Among the four jets, two and only two jets must be tagged as bb jets. The 
two jets with i-tag are regarded as the decay product of h° and other two 
as that of Z°. 

• After a kinematical fit similar to that of the Z° —»l+l~ channel, the invari
ant mass of the latter two jets, M^?, should satisfy IM ô' —MZO] < 10 GeV, 
where Mz<> is the mass of Z° measured at LEP. The invariant mass of the 
remaining two jets is then assigned as M^''. 

The mass-resolution of this four-jet channel is not as good as those of the previous 
two channels, and the background contribution may also be larger. However, the 
event rate is several times higher than those of the other two channels so that 
this channel can provide the first signal of h°. 
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f 
I 8 Strategy 

8.1 Discovery Run 

Before the beginning of the operation of the JLC, the mass of the top quark will 
be determined by LEP II or by CDF with a good precision (AJIf, = 5 ~ 10 GeV). 
From this information an upper limit on the mass of h° expected in the MSSM 
can be calculated. The center of mass energy most appropriate for the h° search 
can then be estimated as "Mtf> + Mzo + (10 ~ 20) GeV". Let us assume such a 
center of mass energy is 250 GeV. We would then start the "Discovery Run" at 
•Js = 250 GeV with a rather wide beam energy spread of 2% full width. With 
this condition we expect the luminosity to be 3 x 10 3 a cm~ 2 s - 1 which corresponds 
to an integrated luminosity of / Ldi = 30fb _ 1 per year (~ 100 running days). 

Figures 4, 5 and 6 show the reconstructed My> distributions at the stages of 
J Ldt=i, 8 and 30fb _ 1 , respectively, for the signal process e + e~ —* h°Z° with 
M>,o =80, 100, 120 and 140 GeV, together with the background process e+e~ —» 
Z°Z°. For the Z° —> l+l~ channel, the result of the kinematical fit is used in order 
to suppress the effects of the beam energy spread and initial state radiations. 

A clean peak, well separated from that of e +e~ —> Z°Z° background, are ob
served in each of the three decay channels. The measurements in the three decay 
channels are independent with one another. Therefore an integrated luminosity 
of just 4fb _ 1 (2 weeks) would be enough for the discovery, if the difference be
tween A/K° a " d Mi/> is greater than ~10 GeV. Even if A4o is close to Af̂ o and the 
signal peaks are overlapped with the background e +e~ —» Z°Z° peaks, the total 
numbers of events in the overlapped peaks may provide a hint for the existence 
ofh°. 

In the Discovery Run the distribution of the recoil mass JWJo0 in the decay 
channel h° —• bb and Z° —» t+t~ suffers from the relatively large beam energy 
spread as shown in Figure 7a. An idea to cure this effect is to reduce the effective 
spread of the center of mass energy, at the expense of a lower luminosity, by the 
following method. If the r/ functions (derivative of the transverse position of 
the focal point with respect to the particle energy) of e + and e" beams have 
opposite signs to each other, low (high) energy particles in the e + beam tend 
to interact with high (low) energy e~, thereby reducing the energy spread [23], 
This recipe is effective not only for the initial beam spread but also for relaxing 
the beamstrahlung because of the enlarged beam width. With this method we 
expect the spread of the center of mass energy to be reduced to A^/i/v/a = 0.2% 
full width, although the center of mass system may be boosted along the beam 
axis. Figure 7b shows that the M$" resolution is improved considerably by this 
method. 
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8.2 Precision Run 

If the Discovery Run tells that Mys is likely to be close to M^o, we can move to the 
"Precision Run" with a small beam energy spread of 0.4% full width and -Js = 
200 GeV. We assume that the luminosity is 1 x 10 3 3 cm~ 2 s _ 1 for this condition. 
We utilize here the recoil mass M£" in the decay channel of Z° —» £+l~. Figure 
8 shows the recoil mass distribution for an integrated luminosity of 10fb - 1 (~100 
running days). Because of the small beam energy spread, the mass resolution is 
much narrower than the total decay width of Z°. We can thus find a clean signal 
peak even if My> is equal to Mz» • 

8 . 3 S t u d y R u n 

With the small background demonstrated above, nature of Higgs can be studied 
in an unbiased way. Note that the identification by the Z° recoil mass can be 
totally independent of the Higgs decay. Since the total number of Higgs to be 
produced may reach several thousands per year, detailed studies can also be 
possible. We can measure the following important quantities. 

• The mass of h°, which is a function of tan/9 and MAO in the MSSM. 

t The total cross section of e+e~ —» h°Z°. This measurement determines the 
coupling sin2(/J - a) (see Figure 9). 

• The total decay width of h°. The total decay width is 0(0.01) GeV for the 
Standard Model Higgs, but can be 0(0.1) GeV or much larger, for large 
tan/3 and relatively small MAO in the MSSM (see Figure 10). 

• The decay branching ratios of h°. Branching ratios to such channels as 
66, T+T~ , cc, gg and 77 can be measured. The branching ratio to 77 is 
~ 10~3 for the Standard Mode] Higgs, but can be much smaller for large 
tan /9 and relatively small M^n in the MSSM. This is due to the increase of 
the dominant decay width r(h° —» 66). 

The above measurements will set strong constraints to the parameter space 
(tan 0,M\o), and possibly distinguish the MSSM Higgs from the Standard Model 
Higgt, and establish an evidence of Supersymmetry in nature. The estimation of 
A/A° thu* obtained will serve to provide the future physics scenario of the JLC 
PHASE-!!. 
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9 Conclusions 

It is confirmed that JLC-I will detect the Higgs boson or rule out the MSSM in a 
way independent of the decay mode. The Higgs boson can be studied in detail in 
an unbiased way with negligible backgrounds. SUSY Higgs can be distinguished 
from the Standard Model Higgs in a large domain of the parameter space. To 
this purpose a detector with excellent performance is needed. 
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Figure Captions 

Figure 1: Comparison of the sin2 Sw value of the LEP measurements with those 
of the predictions of GUT's. 

Figure 2: (a) The total cross sections for the reactions e+e~ —> W + W ~ (dotted 
curve), e'ye~ —> Z°Z° (dashed curve) and e + e " —> HSMZ 0 (solid curves, M H S M 

from 60 GeV to 400 GeV by 20 GeV step) as functions of the center of mass 
energy, (b) The integrated cross sections in the angular region |cosfl| < 0.7 for 
the reactions e + e~ —> W + W~ (dotted curve), e + e" —* Z°Z° (dashed curve) and 
e+e" -» HSMZ 0 (solid curves, M H s M from 60 GeV to 400 GeV by 20 GeV step) 
as functions of the center of mass energy. 

Figure 3: Typical e+e" -> h°Z° events with My, = 120 GeV at </s = 250 GeV. 
(a) h° - 66 and Z° -> vu, (b) h° - • bb and Z° -» e+e", (c) h° -> 66 and Z° - • qq, 
and (d) the lego plot of the energy Bow for the same h° —> bb and Z c —> qq 
event as (c). In the pictures (a) to (c), the solid curves represent tracks of the 
charged particles in the central tracking chamber with magnetic field of 1.0 Tesla 
and active radius of 0.3 to 2.0 m, while the dotted lines show photon emissions. 
The surrounding boxes are electromagnetic clusters, and the lengths of the boxes 
correspond to their energies. 
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Figure 4: The reconstructed mass distributions of the three decay channels with 
the Discovery Run of J Ldt = 4fb _ 1 . (a) the MjJJ' distribution of the decay 
channel h° —• bb and Z° —> vv. (b) the My,1' distribution of the decay channel 
h" -> 66 and Z° -* t+f. (c) the M$' distribution of the decay channel h° -> bb 
and Z° —> qq. In the figures, the hatched histograms are for the signal process 
e + e" -> h°Z° with M ho=80, 100, 120 and 140 GeV. The Wane histograms are 
for the background process e + e " —» Z°Z°. The dashed histograms in the figures 
(a) and (b) are for the background process e + e " —» Z°Z° without 6-tagging. 

Figure 5: The reconstructed mass distributions of the three decay channels with 
the Discovery Run of J Ldt = 8fb~'. The explanation of the histograms is given 
in the caption of Figure 4. 

Figure 6: The reconstructed mass distributions of the three decay channels with 
the Discovery Run of / Ldt = 30fb _ 1 . The explanation of the histograms is given 
in the caption of Figure 4. 

Figure 7: Comparison of the recoil mass distributions of the decay channel of 
h° -» bb and Z° -> t+t~, with the Discovery Run of /Ldt = 30fb""', (a) without 
and (b) with the control of ^/s (see text). The hatched histograms are for the 
signal process e + e~ -» h°Z° with Mho=80, 100, 120 and 140 GeV. The Wane 
and dotted histograms are for the background process e+t~ -+ Z°Z° with and 
without 6-tagging, respectively. 

Figure 8: The recoil mass distributions of the decay channel of h° —* 66 and 
Z° -> 1*1-, with the Precision Run of J Ldt = 10fb _ I . The hatched histograms 
are for the signal process e +e~ -> h°Z° with M ho=85, 90, 95 and 100 GeV. The 
blanc histogram is for the background process e +e~ —* Z°Z° with 6-tagging. 

Figure 9: The parameter sin2(/3 — a) in the MSSM as a function of MAO, for 
tan/?=2 (dash-dotted curve), 4 (dotted curve), 8 (dotted curve) and 20 (solid 
curve). This parameter is proportional to the total cross section of the reaction 
e + e" - t h°Z°, as a function of A/A°- The calculation is at tree level. 

Figure 10: The parameter sin2 ajcos3/? in the MSSM as a function of MAO, for 
tan/3=2 (dash-dotted curve), 4 (dotted curve), 8 (dotted curve) and 20 (solid 
curve). This parameter is approximately equal to the ratio of the total decay 
width of h° to that of the Standard Model Higgs boson. The calculation is at 
tree level. 
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Dependence of properties of SUSY particles 
on the Minimal SUSY model parameters 

T.Tsukamoto 

National Laboratory for High Energy Physics (KEK), Ibaraki 305, Japan 

Abstract 

I present some gcner:.i dependence of properties of SUSY particles on the 
Minimal SUSY model parameters for further simulation studies. Considered 
are masses, decay branching ratios and cross sections. 

1 Introduction 

SUSY model is one of the candidates which solve the naturalness problem and 
it becomes more attractive one as the LEP data shows that three couplings of 
SU(3) ® SU(2) ® U( 1) can bo unified at high energy with SUSY contents. Although 
there may be many SUSY models, the Minima! SUSY standard model (MSSM) with 
the framework of N=l minimal supergravity(SUGRA) model is considered in this 
report. First 1 show dependence of SUSY particle masses on SUSY parameters, 
and then present results sucli as decay branching ratios and production cross • ac
tions for fixed SUSY particles masses. Finally I present some contours in SUSY 
parameters space and focus on /"/-pair production showing "clean" cross sections, i.e. 
e +e~ —» ftL/nf>L/ni a n < ^ /' — • Ilx1 a s a detectable channel to see how much cross 
section we keep by using "clean" mode. 

2 Mass of SUSY particles 

There are four(five) parameters to fix the considered SUSY model as follows; p: 
Higgsino mass, M3: gluino mass, tan/9: ratio of the two vacuum expectation val
ues of Higgses and m0; common scalar mass (and njf>:pseudo-scalar mass(=mass of 
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pseudo-scalar lliggs, which appears as decay products of SUSY particles in the fo! 
lowing discussions) ). ( Although all of these are not independent in N=l SUGRA, 
(here are no problems in the following discussion.) We can know masses and cou
plings for interaction of SUSY particles with these parameters[l],[2] except for the 
lliggs particles and third generation sfermions on which radiative corrections have 
large effect. Mass of sfermions are calculated by solving the renormalization group 
equations and the results are 

miL

2 = m 0

2 + 0.837Jtf3

2 + (5 - \sm20w)mz

2cos2P 
m ^ 2 = m0

2 + 0.837M3

2 - (± - i s in 2 f l w )m z

2 cos2^ 

vhere 

m j R

2 = m 0

2 + 0.777M 3

2 - §sin 2 %m z

2 cos2/9 

m }

2 = m 0

2 + 0.52 Moo2 - jm z

2cos2/? 
= m 0

2 + 0.52A/O,,2 - (5 - sin 20w)m z

2cos2/3 
= m 0

2 + 0.1505Moo2 - sin20|yro z

2cos2/3 

Mi 
Moo 

= 7.77 (with sm20w = 0.232) 

Mass of charginos and neutralinos and couplings for interactions are obtained by 
diagonalizing the mass matrices in the mass terms as 

with 

-Cm = (WnHin)M[ckarsc) 

M{„eulral) = 

(2) 
+-(6°LW°H°LWL)M(„cutral) 

+ h.c. 

( &L^ 
rO w?. 

\ &«. ) 

+ h.c. 

M, (charge) 
• ( 

M2 \/2mwcosP \ 
\Z2mwsmP ft J 

M\ 0 — mzsinBwcosfi mzsin0wsin/3 

0 Mi m zcosflivcos/3 —m zcosflwsin/3 
m zsinfl|i/cos/3 m zcos0wCOS/3 0 — ft 

m z sin0iysin/? —Tn zcos0wsin/3 — ft 0 
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o,sin*wiv A 
M^ht,T,c) can be diagonalized by two orthogonal matrices: 

0/jA/(cftarj,B)°i = diagonal, 

with 
/ cos<f>LiR s\n<f>L,R \ 
\ -sin^i,R c o s ^ , f l / 

A/jnruirai) c a n a ' s o ' ) e diagonalized by an orthogonal matrix: 

ONM(„eutrai)Oji = real diagonal, 

and it is necessary to introduce a phase factor of i to make positive mass eigenstates 
if the above eigenvalues are negative: 

UnM{nCutTai)Uj, = positive diagonal, 

where Up/ = $NOH, and (<I>jv);j = ;̂jJ?i with 

_ J 1 if 1 
~ \ i if 1 

the mass eigenvalue > 0 
the mass eigenvalue < 0 

Fig.l shows dependence of sfermion masses on M3 for four values of mo=100, 200, 
•lOOGcV. One can see that sqiiark masses are almost proportional to M3, sleptons are 
lighter than squarks and are governed by m 0 , and e^ ( and /fn ) is the lightest sfermion 
except for a region of small M3 values. Fig.2 shows dependence of charginos(xf) and 
neutraIinos(\f) masses on M3 for three ft values with tan/?=2. With large /i or M3, 
X, , 0 are split into two groups, the lighter (xf and x j 2 ) and the heavier (xf, and 
i'3,4) a n d masses of heavier group become to be ~ /1 when ft is large. 

3 Decay branching ratios 

Two body decays of SUSY particles are considered, which are 

h/n -» fXi° 
IiL/n -* hii~ 
XC - W-IH-tf 
xr -» za/h°/H°/i*j[i-
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where (fi,fj) = (ii,d), (d, u), (l,f), (P,/), and H~: charged Higgs, A0: lighter 
Higgs, //": heavier Higgs and P°:pseudo-scaler Higgs. 

With five input parameters of /i, M$, tan/?, m 0 and m/>, we can calculate the 
decay branching ratios for decay modes listed above assuming that other modes, 
such as three body decays, are negligible. Results are shown in Fig.3 as a function 
of M3 with fixed other parameters shown in the figure, where the masses of SUSY 
particles are functions of A/3 as described in the previous chapter. Note the variety 
of branching ratios and almost one decay mode for BR (JXR) which will be discussed 
in the chapter 5. 

4 Production cross sections 
Considered processes are pair productions at e+e~ collider such as 

e+c~ -* XTxt 
-* At/flAi/fl 
-> & A 
-> H/rfiL/R 
—* eL&R + h.c. 
- » v c h 

Fig.4 shows the cross sections for chargino pair production, where those corre
sponding to three cases of mixing angles( <t>L,R ) for diagonalizing the mass matrix 
are plotted together with fi pair cross section. Although there are some dependence 
on mixing angles, this cross section is as large as /t pair's if m^- < ~ 300GeV, which 
corresponds to the region of M3 < ~ lOOOGeV as seen in Fig.3. 

As there are only s-channel diagrams by l/Z° exchange for ft pair and v,, pair 
production, differential cross sections are proportional to sin'0 (0 is a polar angle with 
respect to e~ in e 4 e" CM system ). For e pair and vt pair production, there are t-
channel diagrams where neutralinos or charginos are exchanged and so the differential 
cross sections have forward peaks. Note that there is a ei,!/j production process which 
is occurred by t-channel xl exchange and is absent in fi pair production. Fig.5 shows 
total cross sections for slepton pair production and Fig.6 shows differential cross 
sections for ljve pair. 
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5 Dependence on SUSY model parameters 
The simplest and cleanest mode in SUSY particles searches is pair production and 
their decays to an ordinary particle and the lightest SUSY particle (LSP) which is 
the lightest neutralino \° in general. But there is a problem how much of the SUSY 
parameter space is covered by this mode, as cross sections and decay branching ratios 
depend on the parameters. 

As a simple example, in Fig.7 I show the contour of mass difference AM = 
m $ — mw in the Mi — ft plane with fixed other parameters which are same as in 
Fig.3 for xT- The hatched region is Am > mw where Xi c a n decay into W~ x° ( and 
decay branching ratio of W~x" is 100% with other fixed parameters ). We can search 
for \ j " with the cleanest mode in this parameter region, but in other region we should 
study final three body decay of xT which is familiar mode in e+e~ experiments done 
so far. 

Next I present the results of same analysis for fiL/R- Contours of mass differences 
Am = m ^ .„ — m^o are shown in Fig.8 and one can see that nearly equally spacing 
lines are drawn showing the fact that slepton mass is almost governed by mo as 
previously mentioned. Fig.9 shows contour plots for decay branching ratio of JILIR ~* 
/ i \° in the M3 - m0 plane and the M3 — )i plane with other fixed parameters. It 
should be noted that fin decays mainly into fi\° in almost all parameter region 
shown in the figure, but /ij, doesn't. Contour plots for the "clean" cross section, 
<7(e+e~ —> fti,/ni>Lin) ' BR2(tlL/R —* /'X?)i a r e shown in Fig. 10. We have large 
"clean" cross section for fin in wide parameter region but small for fi^ due to its 
decay branching ratio and mass( m,-lt > m^R in general ), so we can access wider 
parameter region with p.R than with fti,. 

6 Summary and conclusions 

Some MSSM parameters dependence of SUSY particles, such as masses, decay branch
ing ratios and cross sections for pair production at e+e~ colliders, are presented. The 
results show that fin (In in general) or xf might be the first SUSY particle which 
can be observed in the "clean" mode, and especially wide parameter region can be 
covered by "clean" fin mode. In lower A/3 or ft region, three body decays of xj" 
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should be studied because n j j — mjo < mw-
Next tasks are simulation studies for mass determinations of SUSY particles 

because SUSY model parameters can be deduced from masses in principle ( mj = 
mj(M3,m0,tan^) and »"j-.° = m.-,o(A/3,//,tan,8) ), and would be very important 
to test the MSSM if SUSY particles were discovered. 
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Figure Captions 

Figure 1: Mass dependence of sfermions on A/3 for m o =I00, 200 and 400GeV which 
one can know as approaching point when A/3 -»0. 

Figure 2: Mass dependence of charginos and neutralinos on A/3 for p=mw(a), 
5-m,y(b) and 20-mw(c) with tan/? = 2. 

Figure 3: Decay branching ratios of two body decay modes by neglecting decays 
into more than two bodies. (a)~(c) are for sleptons with (a): \i = 5- mw, tan/?=2, 
m o=100GeV, (b): /* = 5 • mw, tan/J=-2, rao=100GeV and (c): p = mw, tan/J=2, 
mo=100GeV. (d) is for charginos. 

Figure 4: Cross sections for chargino pair production with fixed chargino mass=100, 
200, 300, 400GeV which can be identified by the position of the threshold, mixing 
angles 4>L = ^/?=0(solid), J(dot-dash), y(dash) and mj=500GeV, together with 
//-pair production(dot-dot-dash). 

Figure 5: Cross sections for slepton pair production at y^s=lTeV with m j B = 
250GeV, and A/ 3=lTeV, /i = 5 • mw and tan/?=2. 

Figure 6: Differential cross sections for e and i>c at y/s=lTeV with m; = m^ = 
250GeV, and M 3 =lTeV, ti = 5 • mw and tan/3=2. 

Figure 7: Contour plot for mass difference: Am = m^- — m^o in the A/3 — fi plane. 
Hatched region shows Am > % where Xi can decay into W~x?-

Figure 8: Contour plots for mass difference: Am = m f 1 / a — m^o in the M3 — mo 
plane. Hatched is a region where LSP is not a neutral particle or m 2 1 < 0. 

Figure 9: Contour plots of decay branching ratio for fti/R —* /*Xi in the A/3 — m 0 

((a),(b)) plane and the M3 — ft plane ((c),(d)). Hatched is a region where LSP is not 
a neutral particle or m2; < 0. 

Figure 10: Contour plots of cross section for "clean" /2J,/R mode: e + e " —» itL/RPu/t, 
fiL/H -* px°. Hatched is a region where LSP is not a neutral particle or m21 < 0. 
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III. Detectors 



Vertex Detector 

YASUIIIHO SIJGIMOTO 

A7'/'A', National Laboratory [or High Energy Physics, Ibaraki 305 

1. In t roduc t ion 

The vertex detector plays very important role in some physics studies at 

JLO through 6-flavor (or heavy flavor) tagging. For example, in the light higgs 

(mil < 2mw) search through the process e+e~ —> Zll, the main background is 

e + c~ —> IV+VV" which has hundred times larger cross section. Since the main 

decay mode of the higgs is // —• 66, while the branching ratio of W decaying into 

heavy flavor is very small, the background can be reduced drasticaly by the b tag

ging. 

In the design of the vertex detector, we have to consider not only the require

ment from the physics aspects but also the beam background which is characteristic 

of the linear collider. In order to get better vertex resolution and consequently bet

ter tagging efficiency, the vertex detector should be put as close to the interaction 

point (I.P.) as possible. However, severe beam background consisting of low en

ergy e + e~ pair created by beam-bearn interaction would hit the vertex detector if 

it locates close to the I.P. too much. 

In this report, efficiency of heavy flavor tagging is discussed assuming several 

configuration of the vertex detector. The compatibility with the beam background 

should be studied in the future. The technology which is suitable for the vetex 

detector at the linear collider experiment is also discussed. 
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2. Heavy Flavor Tagging 

There are two approaches when one trys to select 6-quark jet using the vertex 

detector. One method is to select b jet exclusively by identifying successive decay 

vortices of li and I) meson. The other way is to select heavy flavor jet by only 

requiring tracks which have finite impact parameter (heavy flavor tagging). Using 

the; latter method is, compared with the former one, e;asier and more efficient 

though it is impossible to separate c- and 6-quark jets. 

We made; a simulation to stuely how the heavy flavor tagging using impact 

parame:te;r works. As a vertex detector, we assumed two «;ylindrical layers of silicon 

pixel detector which have the pixel size of 25 fim (r — <j>) x 25 fimf sin 0 (z), where 

0 is the polar angle;. The thickness of each layer is 500 /mi. Kor both in r — <j> plane 

anel in z - x plane, the impact parameter resolution e:an be written as 

t 2 Jlu ft°"l \2 i / Kin ^2i . ,0-014/{jn ^ XT 
b = a "Tt 1T~> + (Ti W> I + I — ^ — ' "^"^a' 

Hotit — I'm 'lout — 'fin V Sill V 

where p is the momentum of the charged particle in GeV/c, lti„ and lloat are radii 

of inner and outer layers, Xr is thickness of inner layer in radiation length, and <r 
is resolution of the vertex detector, 

a = err_^ = az sin 6 = 25/im/v /12-

The; first term comes from measurement error and the; second term comes from 

multiple scattering. The impact parameter resolution for several configurations 

are given in fig. 1. In the discussions below, we use the parameters /?;„ = 5 cm, 

llout = 20 cm, XT = 6.8 x 1 0 - 3 , and a = 7.2/jm. 

Two jet events e+c~(y/s = 90 GeV) —» uu, ss, cc, bb are generated and 

charged particle tracks are smeared accoreling to the resolution of the vertex detec

tor. In order to lag the heavy flavor jet, we seach for tracks which do not originate 

from the I. P. If a jet has more than 2 (or 3) charged tracks with impact parameter 

b which satisfies bja > crcut, where a is expected resolution from the momentum 
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i i ( • • • ( • 

_ P = l . 2. 4, 8. 16 CeV 
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Tig. 1. Impact parameter resolution as functions of momentum p and cos0 for inner layer radii 

of 2.5 rm and 5.0 cm. Other parameters arc;/2OUi = 20 cm, Xr = 6.8 x 10~ 3 (500 /im Be beam 

pipe and 500 /mi Si). 

— « Particles from the Primary Vertex 

Fig. 2. Distributions of normalised impact parameter for the charged particles from the primary 

vertex and for those from the secondary and tertiary vertex. 

and angle, the je t is regarded as a heavy flavor je t . If invariant mass of the two 

tracks is consistent with mass of A',?, those tracks are rejected. 

Fig. 2 shows distributions of the normalized impact parameter for the charged 
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CTCUT <*CUT 

Tift. 3. Tagging efficiency for u, s, e, and 6 quark jets as functions of oeut- Points plotted by cross 

symbol above and below the curves at trcut = 2.5 are efficiencies for /£,•„ = 2.5 cm and /fcn = 7.5 

cm, respectively. 

particles from the primary vortex (l.P.) and for the secondary and tertiary vertex 

(H or 1) decay). Tagging efficiency is plotted in fig. 3 for u, s, c, and 6 quark jet 

as functions of <TC»I. The tagging efficiency for 6-quark jet is 75% (55% ) if at least 

two (three) tracks are required to have the impact parameter 6/<r > 2.5. For a 

light quark jet, if we require at least two (three) tracks with h/a > 2.5, the tagging 

rlliciency is ~ 0.1% (0.2% ), which means a light quark jet can be suppressed 

by factor 250 (500). It should be noted that the efficiency for the c-quark jet is 

much lower than the fc-quark jet due to its shorter decay length and we can expect 

suppression of c-quark jet to some extent. 

If one trys to discriminate fr-quark jet from c-quark jet more distinctively, more 

selection which could reduce the efficiency is necessary. For suppression of W-pair 
background for // - • bb, however, heavy flavor tagging works enough because the 

decay mode IV —> cb, which can not be suppressed enough by the heavy flavor 

tagging, has very small branching ratio (|Vct| ~ 0.05). If efficiencies for two jets 

atui the branching ratio is multiplied, the suppression ratio for the backgroun 

process becomes ~ 1.2 (6.0) x 1 0 - 4 for the case of > 3 (2) tracks double tag, while 
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the efficiency for the signal process (II —> bb) is ~ 30 (50)% . 

3. Technology for the Vertex Detector 

In the previous section, we assumed a silicon pixel detector (Charge Coupled 
Device - CCI)) as the vertex detector. CCDs have advantages over silicon strip 
detectos in the following poits: 

1) CCDs can measure space points, not projection. As a consequence, they 

make it possible to reconstruct tracks in dense jets with high efficiency. 

2) Since pixels of a CCD are read out serially, the number of read-out channels 

is much less than strip detectors. 

On the other hand, CCDs have in general a disadvantage of slow read out. 
In the case of the experiments at linear colliders, however, it doesn't matter at 
all because repetition rate of collision at linear colliders is very low (less than 200 
\lx at present design of JLC). If the detector can be cleared within few mSec, 
there is no problem. When the data are read out, the machine can be turned off 
immediately. 

Another disadvantage of CCDs which have been used in high energy physics 
experiment so far [I] is smallncss of signal charge. Since they used CCD chips 
using technology same as those designed for imaging (surface channel CCD-SCCD 
or hurried channel CCD BCCD), the depletion region is very thin (< 30 pm) which 
yields very small number of electron-hole pair. To get high signal-to-noise ratio, 
these CCDs are cooled to I80°K. 

A novel method was proposed by Gatli et al.[2] to make fully depleted CCDs 
which have depletion region nearly equal to wafer thickness. The schematic view 
of a UCCD and a fully depleted CCD are shown in fig. 4. Fully depleted CCDs 
arc actually developed for X-ray detection in astrophysics [3,4] although they are 
basically one-dimensional CCDs. 

lor the vertex detector at JLC, using two-dimensional fully depleted CCDs 

seems the best choice, and we are planning to make R&D effort for them. 
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a) 

Fig. 1. Schematic view of a) a hurried channel CCD and b) a fully depleted CCD. 
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Background effort ou Drift Chamber 

Akira Sugiyania 

Nagoya University 

Drift Chamber has been the most plausible candidate for the central tracking system 

for .JI.C detector combining with Si vertex detectors since the first workshop. The 

discussion at this workshop is mainly concentrated to the effect of background from 

the machine to the drift chamber(DC), whether DC is usable in the expected high 

background or not. 

The DC covers detector volume from 30 cm to 200 cm in radius and from 200 cm to 

+ 200cm along the beam axis. The region with the radius less than 25 cm is covered by 

Si vertex chambers. The Drift Chamber is required to separate the sign of 500 GeV/c 

union from physics as well as to have a good momentum resolution for low momentum 

track for W/Z separation by reconstruction of jets. Even requirements from physics 

are sometime conflicting each other to design the detector and as well there is other 

limitation from the radical Linear collider. 

The requirement for high momentum union is achieved by making a high resolution 

detector. Si detector can give us the most precise information for position but handling of 

the huge readout channel, cost of the large volume detector and its mechanical supporting 

system leave this as the last choice. From the view point of low momentum tracking, 

Si is not the best candidate due to its material thickness. So, the gas chamber is the 

most probable candidate for central tracker. The momentum resolution is a function of 

position resolution, magnetic field, lever arm, number of sampling point and material 

thickness. The strength of magnetic field is limitted to 1.5 tesla by the acceptance of 

magnet radius and the uniformity of magnetic field. The lever arm is also determined 

to 1.7 m by detector volume DC can occupy. From the previous study the position 

resolution of 200 fi is good enough for 500 GeV/c muon for 100 sampling 

The linear collider produce a lot of e+e~ background through coherent and inco

herent QED processes such as 76* —• e + e ~ e ± , e + e ~ —» e+e~e+e~ as the primary 

background. The yield of the primary electrons with the polar angle larger than 0.15 

radian above threshold transverse momentum (/*/) are calculated by T. Tauchi [I] and 

shown in FIG 1. This yield shows the number of the primary electrons produced per 
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bunch crossing. As Single beam train carries 20 bunches in the current JLC design, we 
would sci! 20 times more yield of electrons shown in this figure in each beam crossing. 
The electron whose transverse momentum is greater than 5 MeV/c can reach beam pipe 
and I1/- of 0.14 GcV/c corresponds to the DCs' inner radius. The expected number of 
electrons coming out of the beam pipe is 4.0 X 104 at Eutam — '250GeV/e, 2.4 * 105 at 
Efoam = HOOGcV/i: and 3 x 105 at Egeam = 750Gc\'/<: 

The primary electron itself cannot reach to DC by the magnetic field. Hut it inter
acts with the mask surrounding the beam pipe and produces photons through electro 
magnetic shower mid annihilation. The conversion rate of the primary electron into pho
tons is evaluated to be one by the EGS4 simulation programs. Expected photon energy 
spectrum is shown in Fig. 2 [1]. The distribution has a broad peak at 200 KeV and a 
narrow peak at 500 KeV from annihilation. Photons with energy above 500 KeV are 
negligibly small. Direction of photon is almost isotropic. We would assume IO6 photons 
whose energy are 100 to 500 KeV as backgrounds to the drift chamber. 

We have to estimate effects on DC under these background such as occupancy, effi
ciency and so on. These conditions may limit the DC design ( gas, wire, cell structure..). 
The dominant interaction of these photons with materials is Compton scattering. The 
mass attenuation length varies from 6 gjcin1 to 12 g/crnr as energy from LOO KeV to 500 
KeV for materials whose atomic number are less than 20 except Hydrogen.[2] Though 
Compton scattering is not always detectable, we assume all of Compton scattering pro
duces detectable electrons but we neglects interactions of scattered photon. 

The mass attenuation length for gas is not depend on materials as far as we use 
typical gas whose atomic number is less than about 20 but does on the density of gas. 
So lighter gas has better behavior to background but normaly lighter gas has poor 
resolution due to larger diffusion effect. Probability of the scattering are listed in table 
I. for typical noble gas, Argon, typical slow gas, COj and light gas, CII4. As the 
density of both Ar and COa are close together, there would be about a few hundreds 
hits per 1cm sampling thickness at a certain radius. The sampling thickness is depend 
on wire configuration. The small cell with simple readout electronics is a one of solution 
for low multiplicity event, but it is hard to get a good two track separation which is 
important performance for high energy jet reconstruction. So we consider only multi 
wire cell structure whatever it is JET chamber[3] or mini-jet chamber. SLD type cell[4] 
doesn't have potential wires in between sense wires and looks like a MWPC for gas 
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multiplication region. The sampling thickness can be reduced to a few mm but 5mm 
would be practical by technical reason. SLD type cell has an advantage for two track 
separation capability by its small sampling thickness but sense wires are not stable in 
position with electrostatic force as chamber length become long. Putting a potential wire 
inbetween sense wires would suppress a wire displacement by the electrostatic force, but 
sampling would be twice of SLD type, 1 cm practically. In order to get L information, 
we consider mini-jet type chamber here, where stereo super layer ran be installed. 

Tor the mini-jet chamber photon interaction with wires are not negligible. The 

probability of interaction is listed in table 1. 910 signal could be appeared per layer 

by 106 100 KeV photons passing through each filed shaping wire plane where 100/im 

Copper wires are strung in every 5mm, 150 signals by 500 KeV photons. Replacing the 

innermost and outermost sense wires by the dummy sense wires would help to reduce 

the effect from field wires as these wire would only provide poorer position information 

due to deteriorated electric field. The guard wire plane could give '280 signal/layer for 

500 KeV and -15 for 100 KeV photons. Using the Aluminum wire decrease the effect of 

photon background as low as factor 10. Signals from wires may easily removed because 

such signals have fixed drift lime related to the geometry. Kffect from wires could be 

negligible as far as we use Aluminum wires especially for Guard wires. 

Number of backgrounds which introduce real problem are 300/Layer for 100 KeV 

with Al wires 150/layer for 500 KeV. Considering the case of 500 KeV photon with Al 

wires, 150 hits/layer are expected as background. Occupancy is simply determined by 

cell width. In the case of 5 cm cell, it would be 300% at the innermost super layer (I t-39 

cm) and 60% at the outer most layer( It = 191 cm). However the simple occupancy 

doesn't mean anything for mini-jet cell chamber because each readout system has muti-

hit logic. Super layer structure has an advantage to distinguish background signal from 

real tracks by making Vector hit[4] in each layer. ( As each cell consists of several sense 

wires, signals from a real track make a corresponding track segment in one cell which is 

called Vector Hit.) Assuming the condition of Vector Hit selection being that hit points 

are linearly aligned within 2.5<r( position resolution, 100/mt) a probability of choosing 

accidental VI! from background are obtained for each layer. Left Right ambiguity of drift 

direction is also taken into account. This probability may corresponds to the occupancy 

for this kind of chamber, as VH is considered as a representative hit for the super layer. 

Requiring 3 wires to make VH, the probability becomes 216% at the inner layer, 13% for 
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•I wires rase. '1 wires requirement is necessary under this condition, otherwise tracking 
becomes \ery difficult. VH occupancy increase quadratically as a function of the cell 
width. 

The number of sense wire in one cell is determined by requiring that VH from a 

real track must be reconstructed with reasonable efficiency (>t)5%) under backgrounds. 

Assuming two hit separation of lmm, efficiency of single hit from real track is about 

!K)% at the inner layer and it results in 01% 4-wire VII reconstruction efficiency for real 

track with 5 sense wire cell, 93% with 6 sense wires and 09.6% with 7 sense wires. We 

need more than 6 sense wires per super layer at least in the inner layer. 

If we only take care VH occupancy from background, smaller cell width would be 

always better but number of sense wire increases badly as cell width decreases. The 

region near sense wires gives poor resolution for position measurement as well as two 

track separation. This region grows proportionaly as cell width decrease. Compromisa-

tion would be come from physics distribution. We study the multiplicity and two-track 

distance for 6 cm cell and 10 cm cell by using a single W boson generator with the 

simple JIX! detector simulator with several W momentum. Tracks decaying from 100 

(JPV/C W boson spread well over multi cells and the averaged multiplicity is 2 to 3 in 

the case of 6cm cell width, while decaydaughters from 750 GeV/c W make narrow jet 

and the average multiplicity is close to 10. The physical two-track distance could not be 

changed by a choice of cell width, but a observed distnace is affected by the left-right 

ambiguity of drift direction, ff the center of jet go through the sense wire, the average 

two-track distance in observation would be a half of that in physical distribution. Above 

a few hundreds GeV/c for W boson momentum, the chance of two-track distance being 

less than lmm for 6 cm cell width is 50% higher than that for 10 cm width, which is 

about 1.5% of total track at the most inner layer of DC. Another factor to limit the 

drift distance is Lorentz angle. Slow gas has a small Lorentz angle as the cross section 

of drifting electron is high. We may modify gas concentration and drift electric Geld 

during long experiment period, which change Lorentz angle. Not to lose acceptance at 

the corner of the cell, it is safe to set the maximum drift distance should be less than 

5cm ( cell width 10cm ). 

Summary 

The drift chamber operated under 106 photon buckground ought to be 
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* Mini-jet cell is the best choise 

* Almmy sense wires are recommended for guard and field wires 

* Each cell has at least 6 sense wires in addition to two dummy sense 

* The cell width must be less than 6cm to keep VII occupancy below 20% 
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Density 500 keV Photon 100 keV photon 

Gas 

(X10-Vera 3 ) 

Att. Leng. 

[g/cm'2) 

Prob. 

(x l0~ 6 ) 

Att. Leng. 

(g/cm2) 

Prob. 

(x lO- 6 ) 

Argon 

co 2 

CfL, 

1.78 

1.98 

0.72 

12 

12 

9.6 

150 

165 

75 

6 

6 

5.1 

150 

165 

75 

Table 1. Attenuation length and probability of photon conversion in a cm thick gas. 

500 keV Photon 100 keV photon 

Wires Field J Guard 

(x lO- 6 ) 

Field 1 Guard 

(x lO- 6 ) 

Cu-Be 

Al 

950 

90 

280 

30 

150 

45 

45 

15 

sense sense 

Tungusten 52 2 

Table 2. Photon conversion probability by the sense, guard and field wires plane. 
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single Hit 3-wirea VH 4-wires VH 

Layer occupancy(%) occupancy(%) occupancy(%) 

Inner 300 216 13.0 

Middle 107 9.8 0.2 

Outer 63 2.0 0.02 

Table 3. Single hit and Vector Hit occupancy for 10° photon in 5 cm cell width. 

M 10* 

J 

JLC 
•: EW l .»750G.V 
X: E!!Z-500CcV 
•: E!zI-250ScV 

• E.-5MeV 

' t i f *..* 

FIG. 1 The yield of the primary electron background produced per bunch as a function 
of threshold Pf. 
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FIG. 2 Energy spectrum of photon converted from the primary electron background. 
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CALORIMETER STUDY STATUS REPORT 
XEK 
Yoshiaki Fujii 

Abstract 
Preliminary results of simulation studies for the JLC calorimeter 

design are presented. Event simulation is firstly carried out to find 
out the necessary calorimeter performance such as energy resolution and 
segmentation. Then shower simulation is done to survey configurations 
which can achieve the requested performance. According to the results, 
lead-PMMA sandvitch calorimeter seems to achieve the requested 
performance. 
1. Introduction 

It is the physics that determines necessary performance of the 
detectors. In the case of the JLC detector, the physics request is 
rather simple ; reconstructed mass resolution should be good enough to 
separate W and Z. Study strategy to design such calorimeter is shown 
in Fig.1. 

(1) Performance -.1 
which physics requires. ^ 

Event 
Simulation 

J Mass Resolution I 

I Particle Density | 

1 Particle Energy | 

(2) Structure 
which satisfies physics requirement 

Energy 
Resolution ^ 

Material/ 
Configuration 

First, event simulation 
is carried out to study 
how good energy resolution 
and granularity are needed 
to achieve the W/Z 
separation. The results 
are described in section 2 
briefly. The result of 
shower simulation to find 
out which configuration 
can realize the requested 
performance is described 
in section 3. Possible 
structure is presented in 
section 4. And summary is 
given in section 5. 

2. Event simulation 
Event simulation is 

done for following two 
reaction channels to study 
how good calorimeter 
performance is needed ; 
a) WW-rescattering at 
^=I.0TeV 
b) Higgs production via W-fusion decaying into two W's for mn=500GeV at 
v^=1.5TeV. 
For these studies, so-called 'standard JLC detector", shown in Fig.2, 
is used. The detail of this detector is described in ref.1). Since 
the results of this event simulation study were already reported in 
ref.2). only a few results are presented here briefly. 

Shower 
Simulation ^ 

Shower 
Spread 

\ Shower 
Depth 

a 
o 
8 
& "2 u 

o 

\ Thickness I § 
(3) Beam Test 

Figure 1 Calorimeter design study strategy 
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An example of the 
reconstructed mass 
distribution of W for the 
reaction a) is shown in 
Fig.3. This calculation 
was done by A.Miyamoto. 
It seems that EM 
calorimeter resolution of 
20"* '-/E and hadoron 
calorimeter resolution of 
5 0 V V £ are marginally 
acceptable. In Fig.4, 
particle density distribu
tions for electromagnetic 
particles and for hadronic 
particles are shown for 
the reaction b). More than 
95?, of particles have no 
other particles nearby, 
and from the view point of 
cluster overlap, present 
segmentation size is small 
enough. 

As a tentative 
conclusion, the standard 
J1X calorimeter seems to 
have energy resolution and 
granularity marginally 
capable of W/Z separation. 
But present study is 
limited to only two 
reactions, and similar 
study for other reactions 
are indispensable. 

4m -

3m-

2m-

1m-

: Hadrori Calorimeter (HDC) 
A9 = Mp = 50mrad 

o/E = 50%/VE©2«: 

COIL 

EM Calorimeter 
A8 = d.<p= lSmntd 
o / E = 1 0 * W E « 2 * 

Central Tracker 

o P , /Pi = 6xl0 4 Pi 
HDC 

lm 2m 

TlSOmrad 
T 
3m 

1 ^ 
4m 5m 

Figure 2 The standard JLC detector 

eo eo too 
Figure 3 Reconstructed mass spectrum of W 
Resolutions of 20V-//T for EM and 50?«/VrT for 
hatfron calorimeters are assumed. Solid curve 
is a result of fitting which corresponds to 
nw=81.9GeV and l>3.3GeV. 

3. Shower simulation 
The next step is to study which configuration can achieve the 

requested calorimeter performance. Though the standard calorimeter 
assumes lead-glass for EM part and iron/chamber for hadronic part, 
required hadronic resolution of 50H/-/E seems impossible using this 
configuration. Recent study for lead/PMMA sandwitch calorimeter3-45' 
shows that required resolution can be achieved with this configuration. 
Thus this lead/PMMA sandwitch configuration is assumed for present 
shower simulation study. 
3.1 EGS simulation 

Simulations of EM shower for various configurations were done by 
H.Hirayama using EGS code, and were already reported in refs.6). One 
of the results are shown in Fig.5. The figure shows that 30.Yo is thick 
enough to contain even 750GeV electron shower. It is also described in 
the references that standard EM calorimeter segment size of 4cmx5cm is 
too big from the view point of shower lateral spread, though it is small 
enough from the view point of particle density. This is simply because 
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Fig.4 Particle density distribution 
a) Number of other particles within a circle of r=5cm around one EM pa-ticle 
on EM calorimeter, and 
b) Number of other particles within a circle oC r=60cm around one hadronic 
particle on hadron calorimeter. 

the standard detector 
assumes lead-glass for EM 
calorimeter, which gives 
much wider shower spread 
than lead/PMMA sandwitch 
with compensation. 

From the EGS study 
described in the refs.6), 
following tentative 
conclusion can be made for 
EM calorimeters; 
a) At least 26A'o thickness 
is needed, and 30,Vo is thick 
enough. 
b) Segment size of 4cmx5cm 
is too big. 
c) Amount of material in 
front of EM calorimeter 
should be less than 0.3\'o. 
d) EM energy resolution as 
good as 12VV2T could be 
achieved with lead/PMMA 
sandwitch. 

3.2 Hadronic shower 
simulation 

Hadronic shower 
simulation is carried out 
using GEJVNT code, with EM 
shower simulation carried 
out at the same condition 
for cross check. 

10 20 30 
Calorimeter thickness [Xo] 

Fig.5 Energy containment fraction in EM calorimeter 
electron showers of various ernx^- for 
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All the results presented here are quite preliminary because parameters 
are still under tuning. Following studies are done for lead, PMMA 
sandwitck calorimeter using lOGeV electron and pion as incident 
particles ; 

1) Cut-off energy tuning, 
2) Shawer profile study, 
3) Sampling frequency study, and 
4) Sampling fraction study. 

3.2.1 Cut-off energy tuning 
Cut-off energy dependences of the energy resolution, energy deposit 

fraction, and required CPU time are shown in Fig.6 for EM and hadronic 
showers. CPU time increases rapidly as the cut-off energy is lowered, 
while the energy resolution and deposit en- ^ fraction do not change 
so much. Thus the cut-off energies are determined not to make the CPU 
time bigger than several seconds/event; 30keV for photons, 300keV for 
electrons, and 50keV for hadrons. 
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Fig.6-4 Cut-off energy dependence of energy resolution, 
energy deposit friction, and CPU time for EM shower. 

Fig.6.b Cut-off energy dependence of energy resolution, 
energy deposit fraction, end CPU time for hedronic shower. 

3.2.2 Shower profile 
At the workshop, several results for lateral shower spread were 

presented. After the workshop, it was found that the results were wrong 
and re-calculation is in progress. Thus the results for the shower 
profile are omitted here. 

Table. 1 Sampling frequency dependence of energy resolution 

lead thickness 2mm 4mm 6mm 8mm 10mm EM=2, had=8 

PMMA thickness 0,5mm 1,0mm 1.5 mm 2.0mm 2.5mm EM=0 5, had=2 
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3.2.3 Sampling frequency 
In general, resolution gets better if sampling frequency gets finer, 

provided that sampling fraction is kept constant. But fabrication 
becor.es harder and harder if we use thinner plates. To find out the 
optimum thickness, calculations are done for various sampling 
frequencies, keeping the lead/PMMA thickness ratio 4/1. The results 
are shown in Table.1. For comparison, other calculations3-41 and ZEUS 
beam test results5' are also shown in the table. Clear discrepancy of 
the hadronic energy resolution is seen between present calculation and 
ZEUS data. This could simply be due to the statistics, or more probably 
GEANT parameter tuning is not adequate. If the cut-off energy is the 
cause, we need more powerful computer because present cut-off energies 
are determined by CPU time limitation. Anyway the cause of this 
discrepancy should be investigated further. 

Sampling fluctuations 
Intrinsic energy resolution 

-• fcsroj- dependent Term 
- Total enetgy resolution 

Fig.7-a Sampling fraction dependence of 
e/h ratio. 
Figure is taken from ref.4). Open circles 
arc present calculation for C/K ratio. 

Fig.7-b Sampling fraction dependence of 
energy resolution. 
Figure is taken from ref.4). Solid circles 
are present calculation. 

3.2.4 Sampling fraction 
In order to check the cause of the discrepancy shown in the previous 

section, calculations are done by changing the sampling fraction. 
Thickness of the PMMA is fixed to be 2.5mm to compare the results with 
Wigmans' calculation4'. Calculated e/r ratio and at/E are plotted in 
Fig.7, which is taken from ref.4). Wigmans' calculation is e/h ratio 
while present calculation is e/x ratio. Thus direct comparison is 
difficult but systematic disagreement is obvious. Present calculation 
gives too good energy resolution for thin lead cases, where intrinsic 
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resolution plays dominant roll. Thus it is possible that estimation of 
nuclear processes is not adequate in present calculation. More study 
on hadronic shower process is needed. 
4. Structure 

The standard JLC detector assumes separate EM and hadronic 
calorimeters ; EM placed inside the solenoid and hadronic outside. 
Recent study indicates that the compensated EM/hadron combined structure 
is prefered to achieve good hadronic energy resolution, and is also good 
for herraeticity. The soleniod subgroup of JLC is studying the 
feasibility of 9m diameter superconducting solenoid with Z-segmentation 
into three pieces, and presently it is thought to be feasible. Thus we 
presently assume combined calorimeter schematically shown in Fig.8. It 
has inner radius of 2.5m and outer radius of 4.0m, and 12m in length. 
This weighs about 3400 tons if we use lead/PMMA = 4/1 configuration, 
and is supported by a 10cm thick stainless steel half cylindor. The 
Z-segmentation of the solenoid is needed to support this cylindor at four 
points along Z direction. This four-point-support achieves deformation 
of the support cylindor of about lOfim, while several milimeter 
deformation is introduced if the cylindor is supported at only two ends. 

Fig.8 Schematical view of calorimeter structure I 

5. Summary 
Following preliminary conclusions are obtained from the present 

study. 
1) Performance requested on the calorimeter 

Presently assumed standard JLC calorimeter marginally achieves the 
V/Z separation. That is to say; 

a) OE/E{m) = \0~2IXi/JE 
b) 0£/£(hadron) -50H/-/E 
c) Granularity (EM) = Ap~A6~15mrad 
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Granularity(hadron) = Ae~A9~50mrad 
d) Studies for other reaction channels are needed. 

2.) Calorimeter configuration which can achieve required performance 
a) Compensated lead/PMMA sandwitch with sampling frequency of ~lmm 

thick PMMA and ~4mm thick lead plates for EM part seems to achieve the 
required performance. 

b) Finer granularity than the standard JLC detector is needed. 
c) More parameter tuning is needed for shower simulation. 

3) What to do next 
a) Iteration between event simulation and shower simulation. 
b) Beam test to check the simulation results 
c) Study of the photo-diode readout performance. 
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A Conceptual Design of the Large Solenoid Magnet 
for JLC Experiment 
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Abstract 
We present a conceptual design of the large solenoid magnet that can contain all trackers 

and calorimeters required by JLC experiments. The magnet has a overall length of 10 m, 
which is divided into three parts in axial direction, and its bore diameter is 9 m. The 
inductance of the coil is 5.5 H and, consequently, the magnet stores an energy of 1.1 GJ, 
when it is operated at 20 kA to produce a central field of 2 Tesla. 

Introduction 

One of the most characteristic features of a JLC experiment is that all physics processes 
can be recognized in terms of known fundamental particles such as leptons, quarks and 
gauge bosons. To make a good use of this advantage, we have to design a detector so as to 
exclusively reconstruct all final state particles except neutrinos. As a possible detector, we 
are considering a general purpose detector that allows precision tracking in a solenoid 
magnetic field of 2 Tesla, hermetic calorimetry, and high resolution vertex detection. 

A small magnet, which is placed just after die central tracker, is preferred from the view 
point of construction cost. As far as technological feasibilities are concered, we are 
confident of constructing sucli a thin layer superconducting solenoid magnet with about 5 
m in diameter. This can be realized with a straightforward extention of the already 
experienced technologies in the VENUS and TOPAZ magnet at TRISTAN[1, 2]. In this 
case, however, we have to abandon the field uniformity in the central tracking region, since 
the magnet is forced to be a air core type for the JLC detector which has a large hadron 
carlorimeter. Alternative is to make a large magnet that can be placed outside the 
calorimeter. This type produces a unifonn field with a well matched iron yoke and is ideal 
to have a good hermetic calorimetry, although the construction cost is consequently higher 
than that of the small magnet. 

In this report, we present a technological feasibility study for constructing such a large 
superconducting solenoid for the JLC experiment. 

General Characteristics 
The solenoid magnet has a structure shown in Fig. 1 and parameters listed in Table 1. 

The bore diameter is 9 m and the overall length is 10 m. To simplify the assembly 
procedure and also to provide a rigid support for the electromagnetic and hadron 
carolimeters, we divide the magnet into three parts. The coil length of each part is 2.6 m 
and is equipped with its own separate cryostat. The central part and both of the end parts 
consist, respectively, of 257 and 278 turns of double layer coaxial coil windings. This 
configuration is to compensate die field drop along the beam axis. 
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Figure 1: Configuration of the solenoid magnet 

Coil Bore Diameter 9 (m) 
Total length 10 (m) 
Inner diameter of the cryostat 8.5 (m) 
Outer diameter of the cryostat 9.9 (m) 
Number of modules 3 
Operation current (2Tesla) 20,000 (A) 
Inductance 5.5 (H) 
Stored energy 1.1 (GJ) 
Refrigeration load at 4.2K 330 (W) 
Weight of the conductor of each module 52 (tons) 
Total weight of the conductor 151 (tons) 
Weight of one piece of the coil 120 (tons) 
Magnet weight without iron 720 (tons) 
Conductor length of each module 8.0 (km) 
Total conductor length 24 (km) 
Total weight of the magnet with iron 12,000 (tons) 

Table 1: Parameters of the superconductiong solenoid 
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The superconducting magnet requires a relatively thick iron yoke to ensure the 2 Tesla 
uniform field in the central tracking region. In order to keep the maximum Held in the iron 
yoke below 2 Tesla, we need a total amount of 11,500 tons of iron. The flux line 
distribution is shown in Fig. 2, where the magnetic field uniformity in the tracking region 
is better than 0.6 % of the central field. 

The overall inductance of the magnet is 5.5 H. Consequently, the total stored energy is 
1.1 GJ, when the magnet is operated at 20 kA to produce the 2 Tesla central field. 

Figure 2: Flux line distribution 

Cooling System 
One of the most important issues in the design of the superconducting coil is die method 

of cooling. Typically, two reliable methods have been used for detector solenoid magnets: 
the conventional pool boiling and the forced direct or indirect cooling by the flow of two-
phase helium. 

The large magnet discussed above needs approximately 15,000 liters of liquid helium, 
when cooled by a pool boiling method. Such a large volume of liquid helium cannot be 
brought back to its circulator, when the magnet gets quenched. We are forced to release the 
resultant helium gas to the atmosphere. Since the experimental hall is expected to be in deep 
underground, it is absolutely necessary to reduce the amount of the liquid helium from the 
view point of safety. 

This can be acjieved using the forced cooling by lae flow of two-phase helium that has a 
large heat capacity owing to the latent heat at the low temperature. The required amount of 
the liquid helium in this system is about 500 liters in maximum, which is 1/30 of that 
required by a pool boiling system. 

For the JLC detector magnet, a direct cooling system is applied with the flow of two-
phase helium through a cooling path in the conductor. In this case, it is very important to 
contrail the pressure drop, since the cooling path is forced to be very long. Three modules 
are cooled in pararell. Also, in our design, two shields cover the coil at 20 K and 80 K. 
The 20 K shield is essential to help further reduce the helium amount by controlling the 
pressure drop to less than 0.2 kg/cm2. 
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The concept of the cryostat for this magnet is shown in Fig. 3. The cryostat is a vacuum 
chamber with superinsulation. Two shields at 20 K and 80 K are cooled by the helium gas 
flow from the refrigerator. The heat flow to each coil is 4 W/coil, resuling in 12 W in total. 
This corresponds to a liquid helium flow of 6 g/sec. It is expected to take along time for 
intial cooldown, since the path is very long. Cooling loops on the outer cylinder of the coil 
is under design to help the fast cooldown. 

The total heat load for this magnet at 4.2 K is estimated to be about 330 W. Therefore, a 
medium class refrigerator with a cooling power of 500 W (corresponding to electric power 
consumption of 500 kW) is enough to operate the magnet. 

Superconducting Coil 

\L_RJ. 
Vacuum Vessel 

80 K Thermal Shield 20 K Thermal Shield 

Figure 3 : Cryostat of the solenoid 

Superconductor 

A cross-sectionat view of the conductor is given in Fig. 4 and its main parameters are 
listed in Table 2. 

The operation current and maximum temperature are 20 kA and 5.0 K, assuming that 
the helium pressure at the inlet is 0.3 kg/cm2 and the local temperature rise is 0.5 K. On the 
other hand, the critical current of the conductor is 40 kA at 5.0 K in a 3 Tesla field (50 kA 
at 4.2 K in the same field). 

The coil is made of NbTi/Cu multifilamentary superconducting cables. The cable 
consists of 10200 filaments with 50|im in diameter. The NbTi/Cu ratio is chosen to be 1/2 
for easy mechanical handling. The cross section of the NbTi is conservatively designed so 
that the current density is 2500 A/mm2 at 4.2 K in 3 Tesla. 

The superconductor is soldered to Cu stabirizer in which the cooling path is placed. The 
diameter of the path is 14 mm and the length in one module is about 8 km. The overall 
NbTi/Cu ratio is 1/36 and the current density of this Cu part is about 25 A/mm2 when the 
magnet gets quenched. This current density is expected to be low enough, from a simple 
quench simulation, to keep the local maximum temperature rise less than 80 K, so that the 
magnet is safe from local mechanical stress. 
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Figure 4: Cross section of the superconductor 

Dimensions 50x18 (mm2) 
Length of one piece 800 (m) 
Diameter of the cooling path 14 (mm) 
Critical current at 4.2 K in 2 Tesla 50,000 (A) 
Superconductor NbTi 
NbTi: Cu 1:2 
NbTi: Cu overall 1:36 
Number of filaments 10200 
Diameter of filament 50 (Mm) 
Stabilizer: Cu 

Table 2: Parameters of the superconductor 

Energy Extraction 

The stored energy has to be safely extracted, on encounter with a quench. In our magnet 
design, all of the three modules are connected to a single dump resistor of 0.1 Q, which 
absorbs all of their stored energy, even when only one of them gets quenched. This is to 
avoid unbalanced force between the coils and the iron yoke. The maximum voltage at the 
energy extraction is 2 kV between the current leads. 
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Summary 

We have studied the feasibility to construct a large superconducting solenoid magnet for 
the JLC experiment. The magnet has a overall length of 10 m, which is divided into three 
parts in axial direction, and its bore diameter is 9 in. The inductance of the coil is 5.5 H and, 
consequently, the magnet stores an energy of 1.1 G3, when it is operated at 20 kA to 
produce a central field of 2 Tesla. 

The direct cooling system is applied with the flow of two-phase helium through a 
cooling path in the conductor. The two shields covering the coil are kept at 20 K and 80 K 
to help reduce the helium amount. 

The total heat load at 4.2K is estimeted to be 330 W, thus the magnet can be operated by 
the medium class refrigerator of 500 W. 
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e± pair Background and Masking System for JLC 
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Abstract 

The major problem occurring in the interaction region of linear colliders has been 
found to be the background of e ± pairs created during the collisions of intense beams. 
The yield of these pairs is estimated by the ABEL simulation for JLC. A masking 
system against them is proposed together with an optimization of the location of the 
nearest final quadrupole magnet. 

1 INTRODUCTION 
A masking system at the interaction region(IFt) was proposed at the first JLC workshop. 
Its purpose is to shield against the large amount of back-scattered photons created in 
collisions between the e± pairs and the final quadrupole magnet. The probability for the 
O(10 7) photons to escape from the mask T]maik should be less than 10~ 3 , which is geo
metrically determined by the front aperture of the mask. Most of the escaped photons hit 
the mask surface on the opposite side, then they enter the detector region. In addition 
the mask must have enough thickness to absorb the photons, that is, its attenuation coef
ficient should be less than 10~ 5 for C.5MeV photons which corresponds to 5cm thickness 
of tungsten. We required that the acceptable number of photons in the detector region is 
O(10 2 ) per collision of bunch train. 

In the previous ABEL the pairs were created at zero angle along the beam with trans
verse momenta acquired only from the kick by the electromagnetic field of the oncoming 
beam. In this paper we modified the ABEL to generate the pairs at finite inherent angles, 
which may be larger than the kick angle, by using the real photon approximation. The 
geometric reduction and the effect of the external field are also implemented in the ABEL. 

First we derive the analytic expressions for the integrated cross sections as a function 
of minimal transverse momentum(p°) and minimal creation angle(0 o) which are relevant 
parameters for the estimation of background in the detector. Secondly, we explain the 
ABEL and the various effects which are newly implemented in it. We update a masking 
system at [R to control these backgrounds. Finally we discuss the background in the 
vertex detector region. 

2 THE ANALYTIC FORMULAS 
We consider three incoherent pair creation processes, the Breit-Wheeler (BW: 77 -* e + e " ) 
process, Bet he-Hei tier (BH: 6*7 — e ± e + e ~ ) process and Landau-Lifshits (LL: e + « " -< 
e+e~e+e~ ) process. In the calculations of these cross sections the basic kernel is the same 
using the equivalent photon approximation]! ,2). For the BW process both photons are 
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real beamstrahlung photons; for the BII process one is real and the other one is virtual; 
for the LL process both photons are virtual. The partial cross sections with transverse 
momentum (divided by 7m) and outcoming angle 8„ < 6 < ir — 9 0 are calculated by the 
convolution of two photon energy spectra, n„(i/i), nt(l/2)> and the differential cross section 
for 77 -» e + e " , Oy,(yi,yi,e), as below. 

c 1 1 
o(x?,c0) = g J J Jdcdy2dyina(yi)ni,{y2)(r^(yi,y2,c), (1) 

- C o » - Vb 

where yi and c are the fractional photon energy and c = cos#, respectively and g = l / 4 
for the BW process ind 1 for both BH and LL processes. The fractional energy x of the 
outcoming positron( or electron) to its angle 0 is expressed by 

2yiV* (2) 
5 / i ( l - c ) + J/2(l + c) 

As denoted in Eq.l, the integration regions of two photon energies are 

1 > yi > yb = V 2 V + , i > y 2 > y - , (3) 

v± = y d ± C ) = f ^ , (4) 

where i 0 and x" are the minimum energy and the minimum transverse energy. These 
lower bounds are very important for the calculations because the dominant contribution 
comes from them. The virtual and the beamstrahlung photon spectra are given by 

nv{y) = —-\n{-) and (5) 
* y » 

«6<») = ±r(f )(g)(3T)»/V , / s s " I " " 3 . (6) 
respectively, where <7,, Ae and 7 are the beam bunch length, the electron Compton wave
length and a Lorentz factor for the beam, respectively. Finally o-n[yi,yi,c) is calculated 
by neglecting the obviously small terms < 0 ( 7 ~ 2 ) . 

«n(w.».«> - 7 » t t W i . t f l i S ( r - e ) + 1 S(i + c)P/ ( 7 ) 

1 
7 !! / l! /2l-c 8 ' (8) 

where r, is the classical electron radius. The last approximation of Eq,8 is only used in 
analytic calculations since the value in the parenthesis (Eq.7) varies slowly from 1/2 to 1 
and it is well factorized outside of the integral (Eq.l) , which is estimated to be 0.7 with 
an accuracy of a few % by comparing this approximation and the numerical integration 
with no such approximation. The resultant integrated cross sections are expressed below 



as a function of xf and B0i which are already multiplied by the factor of 0.7 in order to 
compensate the last approximation, 

< 7 B W ( ^ 0 o ) = 1 . 6 9 ^ 4 2 ( l ) 4 / 3 l n l (9) 

<r B „(i?,e 0 ) = 3 . 5 5 ^ / l ( - ^ ) 5 / 3 ( r o , / 3 - r o - , / 3 ) ( l n ^ + 0.21) (10) 
7 x, £ 

v,,(x\M = 0.83^-(^f l n ^ l n 5T'" ^T + 3 , n i + 4 A 4 ) ( 1 1 ) 

where T„ = tan(0 o /2) . The above expressions account for only one of the two particles(say 
positron) of the pair. To count the electron as well, we must multiply each expression by 
2. 

The above formulas are valid for large inherent angle scattering since they have a 
collincar singularity which is clearly seen in Eq.8. The reason for this singularity is our 
neglect of the electron rr.ass(m e) in the derivation of the formulas. Remembering that 
the typical scattering angle is me/Ee, where Ee is the energy of e~ or e + of a pair, the 
valid angular region will be $ > me/Ee. More detailed discussion on how to treat this 
singularity in event generation will be found in the subsequent sections. 

3 T H E ABEL SIMULATION 

3.1 E v e n t G e n e r a t i o n 

In A BEL, the beam bunches are described by ensembles of macro-particles. The number 
of macro-particles is typically 10 3 to 10 s . The whole process is divided into time slices. At 
each time step the bunches are further divided into longitudinal slices. The modification 
of ABEL is that the pairs are created in the collision between the macro-particles and the 
beamstrahlung photons in each longitudinal slice. There is no pair creation between the 
different slices, that is the incoherent pair creation processes ar- "local" in the longitudinal 
direction. Then the created particles(e + or c~) arc tracked in the Coulomb potential 
which is produced by the oncoming beam. As the transverse momenta of these particles 
are affected by the kick in the tracking, the integrated cross sections for the processes 
in ABEL are given by [x0,$o) instead of (z°,fl 0), and there are no integrations over the 
beamstrahlung photon energy spectra for the BW and BII processes. 

"„w(»i.«2.».) = 6 . 2 8 ^ | ^ l n i (12) 

i/min = " i < » ; ( y { l - C o ) 1 - y j , c, = cos0 o (14) 
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»„>.,«.) = 0.64^(£)2{()n £ + l)«ta | + 5) ( r^-j + |„r.) 

+ ft(l + l n(^-a) ) | i ( 1 5 ) 

where yi,!/2 are the beamstrahlung photon energies. For the virtual photon energy, we use 
the distribution of Eq.5. The energy of the outgoing particle is calculated by Eq.2 with 
yi) V2 satisfying the boundary conditions of Eq.3. The transverse momentum is calculated 
by the energy and the final scattering angle after the kicks. 

For the generation of collinear pairs, a minimum cut-off angle 6cui has to be introduced 
to regulate the singularity which is mentioned in the previous section, i.e. 0 > 0C11(. The 
cut-off angle is a function of mc/Ee — l/xy and it depends on the processes of BW,BH,LL 
as follows, 

« i u l W = / i - , t = B W , B I I o r U (16) 

where, fBVI, /„„ and / L L are patch factors to be determined by the normalization of their 
total cross sections. In addition to these cut-off angles, the energies of two photons must 
fulfill the following threshold condition of an e + e ~ pair creation which is also ignored in 
the zero electron mass approximation. 

VIM > . ^ ( 1 7 > 

3.2 Jus t i f i ca t ion of Our M e t h o d 

The total cross sections for the three processes are well known and are expressed below. 

" D w = | ( l n 4 + | h r e V ^ ( i - l n 4 M 2 (18) 

farHL-?§)A (19) 

<TLL = — H - £ L 3 - 6.59X2 - 11.81 + 104) (20) 

where L — In47 2 , and cBH,ogv/ arc already integrated over the beamstrahlung photon 
energy spectrum of Eq.6. By comparing values calculated by the above equations and 
those of the numerical integration of Eq.l over 7 _ 1 < x < 1 with the cut-off angles and 
the threshold conditions for the two photon energies, the patch factors are determined to 
be, 

/ » w = 0 . 5 , / „ „ = 0 . 9 2 and /,,,. = 0.7. (21) 
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Table 1: Total cross sections for the three incoherent processes at £j> e a m =500GeV in cm . 

process calculations by our method 
Eqs. 18,19,20 numerical integration of Eq.l 

BW 1.9 x KT* 7 1.0 x I O - a 7 

B!I 2.7 x 1 0 " 2 5 2.8 x 1CT2 5 

LL 5.6 x 10" 2 G 5.2 x 1 0 " a 8 

The total cross sections thus calculated are summarized in Tab.l for JLC [5] with 
Ebcam = 500GeV, for which A(the cross section) is 1.11. In order to verify our method, 
the energy(x) distributions for BR and LL are also compared with the known formulas[4] 
and the results are shown in Fig.l (a),(b). As is clearly seen in these figures, the agreement 
between the two is good for the energy region of interest( Ee > 5MeV). 

3 .3 G e o m e t r i c R e d u c t i o n 

The finite impact parameter of the interactions in these processes comes from the trans
verse cnergy(? t) of the virtual photon. The distribution of yt(~ qt/yme) is[4] 

y2dy2 

The integral of the above equation corresponds to the logarithmic term of Eq.5, and 
the range of its integration over yt is from J/ /7 2 to I / 7 . For a given equivalent photon 
energy y, the dominant contribution to the integration comes from the region of small 
transverse momentum y, ~ y/j. In ABEL every virtual photon has finite transverse 
cnergy(i/,) according to Eq.'22. ' lb account for this non-local nature of the virtual photon 
interaction, we first calculate the probability of pair creation which is proportional to 
the local intensities of the two beams (macro-particles or beamstrahlung photons) at a 
point. Defining the impact parameter(p) as l/y,-yme, we get the non-local intensities of 
two beams separated by p from each other, where for the LI, process p is actually a sum of 
two impact parameters. Then the reduction factor can be obtained by the ratio of "non
local" intensities divided by the "local" ones. If the separation is far beyond the beam 
(transverse) size, the pair creations will be suppressed strongly'. ABEL creates the pairs 
at the position separated by p from the beam position and even outside the beam size. 
For analytic calculations, this geometric reduction can be taken into account by limiting 
the integration region of y, (l/<7j,7me < y, < I /7 ) in Eq.22, where ay is a transverse 
beam size at a collision point [6]. 

3.4 Effect of t h e S t r o n g E x t e r n a l F ie ld 

Since the e* pairs are created in the external field of the oncoming beam, which is a 
magnetic field of O(10 3) Tesla at a TeV linear collider such as JLC, cross sections involving 
virtual photons, a/,i and OBH, are affected and eventually suppressed by the magnetic 
field[9]. This effect is well explained by a radiation angle of a virtual photon in a magnetic 

1 I'll is geometric reduction effect was first observed at Novosibirsk!"), and subsequently developed 
theoretically by several autliors[f>,8]. 
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(a) BH process 
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(b) LL process 
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Figure 1: (a)Scaled energy (z) distributions of one of pair particles created in the BH 
process for JLC at E^am = 500GeV. The histogram is given by the known formula and 
plotted data are given by numerical integration with fBU = 0.92. (b) same as (a) for LL 
process, where /L1_ = 0.7. 
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Figure 2: Comparison between the analytic calculation and the ABEL. 

field 0H = l /T^c/w) 1 / 3 , which is compared with the angle in free space 8 = I/7, where 
u> and wc are an energy of the photon and a critical energy of a synchrotron radiation in 
the magnetic field, respectively. Requiring an inequality of 0 > 6n, the transverse energy 
of a virtual photon u>< has a lower bound given by 

U I > U 0 H = Z(£)W 0r y ( > ^ ) " 3 . (23) 

Thus the external magnetic field increases the minimal transverse energy transfer. This 
effect appears as a suppression of the pair creations with large impact parameters similar 
to geometric reduction. In ABEL the virtual photon participating in pair creation is 
required to fulfill the above condition(Eq.23) . 

3.5 Results 

For further study, we list the JLC parameters at beam energies (Eteam) of 250, 500 and 
750GeV, which are relevant to our calculation, in Tab,2. The total pair yields per bunch 
crossing are also listed for each process in this table, which are calculated by Eqs.18,19 
and 20. In order to see a consistency between the analytic calculations and the ABEL, 
we plot the yields at £Vam=500GeV per bunch crossing, calculated by the cross sections 
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Table 2: JLC parameters relevant to our calculation and the total pair yields per bunch 
crossing at £»„„, =250,500 and 750GcV. The frequency of JLC is 150 Hz(trains/sec) with 
20 bunches/train and the bunch separation is 1.4nsec. 

Eteam (GeV) 250 500 750 

i/bunch cm"2 1.1 x 103U 4.0 x 103" 5.7 x 10 3 0 

ax nm 335.3 372.0 561.3 
(jy nm 4.5 3.1 2.7 
a2 n m 151.5 112.8 94.6 

beam intensityf^i/bunch) 1.26 x 10 1 0 2.02 x 10 1 0 2.67 x 10 1 0 

(T) 0.085 0.43 0.66 
A 1.01 1.11 0.83 

total pair yields/bunch 
BW 2.6 x 103 7.6 x 103 4.7 x 103 

BH 2.7 x 105 1.1 x 106 1.2 x 106 

LL 4.9 x W* 2.2 x 105 3.3 x 10s 

of Eq.9,10 and 11 and their sum as a function of p° = ttnex° at 6 > 0.15 together with 
the results of the ABEL which are plotted with error bars(Fig.2). Major detectors for an 
experiment are required to be located in this angular region. The yields of the analytic 
calculations are already multiplied by 2 for e + and e~. In this figure the effects of the 
kick, the non-local interaction and the external field in ABEL are switched off just for 
comparison. The agreement for all three processes is very good. 

In addition to the large inherent angles of the pair creations, ABEL implements the 
kick, the geometric reduction and the external field effect as described in the previous 
section. To see these individual effects in detail, we simulated the pairs under the four 
kinds of conditions also at £( e a m =:500GeV, that is (a) the only kick is taken into account, 
(b) the kick and the external field effect are considered, (c) and (d) include all effects, where 
(a), (b) and (c) have no angular constraints except for Eq.16 and (d) requires the minimal 
angle 6C = 0.1 of the pair creation in addition. The results are shown in Fig.3, where 
the total yields summed over the three processes are plotted in the same way as Fig. 2 , 
together with the total yield calculated by the analytic formulas which is drawn by a solid 
line. The geometric reduction rate is 70% at p° = 5MeV and it decreases gradually to 40% 
at p° > 25MeV. There is also 40-20% reduction due to the external field effect. However 
the latter reduction is mostly included in the former one, since these two reductions are 
due to essentially the same effect on the transverse energy transfer and the geometric one 
is dominant in the present case of a very small beam spot size. By comparing (c) with (d) 
in Fig.3, a huge number of pairs for p° < 20MeV comes from the pairs created at a very 
forward angle (6 « 0.1), a major part of whose transverse momenta is acquired by the 
kick. A sharp shoulder seen at about p° = 20MeV corresponds to the maximum kick angle 
of these pairs at 6 > 0.15. Beyond this shoulder (p? > 20MeV), the effect of the kick is 
small and the analytic calculation with the geometric reduction[6] is a good approximation 
of the ABEL result. Finally figure 4 show the total yields at the three beam energies of 
250,500 and 750GeV. The shoulder positions in p° are roughly proportional to the beam 
energy, which will determine the aperture of a mask. 
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Figure 3: The ABEL simulation results with the various effects of (a)-(d) which are ex
plained in the text. The vertical axis is the number of pair particles(e+ and e~) integrated 
for Pi > p"t in the angular region of 0C > 0.15. The solid line expresses the total number 
calculated by the analytic equation, which is as same as the TOTAL in Fig.2. 
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Figure 4: The number of pairs for pt > p? at £ t e o m=250,500 and 750 GeV by the ABEL 
simulation. 
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Detectors in B=2Tesla 

Figure 5: A masking system at the interaction region 

4 Mask and Final Focus Quadrupole Magnet 

Our masking system is schematically shown in Fig.5. As we fix the angular region of the 
mask as 0.15 < 6ma,k < 0.2, it remains to determine only one parameter to fully specify 
the geometry of the mask. Wo take the half aperture of the mask, R^^k in Fig.5, for this 
parameter. Rm„,t can be linearly related to a diameter of circular trajectory of a charged 
track in a solenoidal magnetic field(B), i.e. /£„„,* = pj" a l/0.15B and B=2Tesla. 

In the previous study [10], Rmask has been set for all the pair particles created by the 
incoherent processes to loop inside the mask, where zero inherent angles have been assumed 
for the pairs. Here we determine Rmaak in a similar way but for the pairs which comprise 
the shoulder in Fig.4. There is another important constraint from the solid angle seen by 
the photons back-scattered at the nearest final focus quadrupole magnet, i.e. ijmojj, = 
flmo»fc/4(£<} - ^ma.t)2 < 1 * H>~3, where £ m a J i t and LQ are the distances of the mask 
and the final focus quadrupole magnet from the interaction point(IP), respectively(Fig.5). 
Therefore the location of the final focus quadrupole magnet can be optimized. As the 
kick angle of the pair, which is a major source of the p (, depends on beam energy and 
beam spot size etc. , there are three corresponding parameter sets at Eitam = 250,500 
and 750 GeV as listed in Tab.3. With the masking system specified in this table, the total 
number of charged particles hitting the outer surface of the mask is less than 103/train(20 
bunches) as shown in Fig.4. Outside the mask the number of pairs with p, > 0.2 GeV is 
negligibly small at Ebcam <500GeV and it is still 0(l)/traiu at £ t „ m = 750GeV. 
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Table 3: Optimized parameters of the mask and the final focus quadrupole magnet at 
£-6eam =250,500 and 750GeV assuming 7jmaak = 10" 3 and B=2Tesla. 

E-bcam P?°* '••mask W LQ 

GeV MeV cm m m 

250. 13. 4.5 0.3 1.0 
500. 23. 7.7 0.51 1.7 
750. 30. 10.0 0.67 2.2 

5 Background at the Vertex Detector 
Thus we designed the mask by considering the background of the back-scattered photons 
in the detector region. In general we can use a beampipe of small radius, e.g. Rp,pe < 
k m , at the IR because of no fear of synchrotron radiation [10]. Therefore, a vertex 
detector can be placed very close to the beam line. In order to estimate the background 
in the vertex detector, the number of hit points , which the pairs make by traversing 
the surface of the cylinder of radius R^tx and length Zvtx = Rvtx/ tan 8vtx around the 
collision point, are plotted as a function of Rvtx at | zos0vtx 1=0.707 and 0.9 at the three 
beam energies in Fig.6(a),(b). Here we assume the helix trajectories of the pairs in the 
solenoidal magnetic field of 2 Tesla and we allow for the pairs to register multiple hit 
points without any interaction. The number of hits decreases rapidly as Rvtx increases at 
£t„om=250 and 500GeV. However it remains almost constant between Rvtx^ 5 and 10cm 
at £ | , 5 o m =750GeV since curling tracks traverse the cylinder more times with a longer 
Zutx(x Rvtx)- The hit numbers per bunch crossing are 16(36),60(136) and 123(296) at 
Rvtx=3cm, | cos 0vlx |=0.707(0.9) for Ebcam^=250,500 and 750GeV, respectively, which have 
to be multiplied by 20 for a real background estimation because there are 20 bunches/train. 
This background apparently prevents us from using a gas chamber as the vertex detector in 
Rvtx <10cm. A pixel device can be a candidate detector. The vertex detector also suffers 
from the back-scattered photons. Since the number of these photons is on the order of 
10 3 per train crossing, the corresponding hit number in the vertex detector is always less 
than those of the pairs with a few % of the conversion probability of the photons. 

6 Summary 
We derived analytic expressions of the integrated cross sections of the three incoherent 
processes as a function of x\ and 0o. ABEL has been modified to include e* pair creation 
with inherent scattering angles in the real photon approximation. It also takes into account 
the three major effects, i.e. (1) the kick, (2) the geometric reduction and (3) the effect of 
the external field. In the angular region larger than the kick angle, the analytic calculations 
turned out to still be a good approximation to the simulation results if they were multiplied 
by a geometric reduction factor of about 40%. The aperture of the mask (Rm,,,!,) and the 
location of the final focus quadrupole magnet (LQ) have been optimized at £?6e„m=250, 
500 and 750GeV for JLC by using the ABEL simulation. Rm^,/, was determined by the 
maximum transverse momentum due to the kick at 8 r a ( 1 , t=0.15. Then LQ was obtained 
from consideration on the solid angle, through which the back-scattered photons exit from 
the mask,i.e. rfc,„jt < 10" 3 . We had to move the final focus quadrupole magnet slightly 
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away from the previous position, i.e. Z,(j = 2.2m at Et,eam=750GeV. With this optimization 
there was no serious background problem in the major detector region of R >30cm and 
9 >0.2 . The background in the vertex detector (3 < Ilvn < 10cm ) was also estimated 
to be O(102) ~ OflO 3) hits made by the pairs at Ebcam = 250 ~ 750 GeV. While a usual 
gas chamber can not survive as a vertex detector, a pixel type detector promises to work 
well in the presence of this many extra hits. 

In conclusion, although an enormous number of e ± pairs are created and kicked out 
during the beam-beam collision at the interaction region of JLC, we can execute an ex
periment without serious background problem by using the proper masking system. It is 
even possible to locate a vertex detector close to the beam, which has an essential role in 
efficient b-quark tagging. 
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Estimation of Beam Induced Muon Background 

Y.Namito 

National Laboratory for High Energy Physics 
Oho, Tsukuba-shi, Ibaraki-ken, 305, Japan 

ABSTRACT 

Beam induced muon background is estimated for 250-750GeV electron 

beam. Five channels for muon production from electromagnetic cascade shower 

are investigated. The effect of toroidal magnet for sweeping out low energy 

muon is also investigated. 

1. Introduction 

When GeV electron beam hits accelerator component or shield, electro

magnetic cascade shower is developed and muon is generated from pair produc

tion from photon or meson decay(Fig.l). Muon pair production from photon 

has three major channels. The coherent production is a pair production pro

cess which one whole nucleus get momentum from one of the produced muons. 

In the elastic production, one nucleon(proton or neutron) get momentum from 

muon and the nucleon keeps its property. In inelastic process, one nucleon get 

relatively large momentum from muon and the nucleon breaks into particle,such 

as pion. Muon can be produced from decay of mesons which are produced in 

electromagnetic cascade shower. Muon production from J/9 meson decay and 

D meson decay was evaluated. Nelson and Kase computed number of muon 

induced from 18GeV electron beam only for coherent production, proton elastic 

production and pion and kaon decay . Their results is only one percent defer

ence from measurement at forward angle whereas factor of up to 25 difference 

at wide angle. Effort was continued to explain the difference and the difference 

was reduced to factor of two after all of the channels described above has been 

included . The computer program to calculate muon production and trans

port described in Ref.(2) is used to calculate beam induced muon for the JLC 

conditions. 
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Fig. 1 Muon production channels in Electromagnetic cascade 

Table 1. Number of Produced Muons from each channels 

A. ()"0,1(1.20.30fnlladian(arb. unit.) 

S H a d ) 0 10 20 30 

. IOOrfbd , . „ 

OmBad 
E«>0GeV EwMOGeV 

ColilIW 3.G6B-4 2.52e-G 1.02o-6 3.54e-7 
Incdml 7.68e-7 1.97e-8 
J / * 8.47e-7 2.31e-8 
D 1.14e-6 1.62e-7 4.47e-8 I.93e-8 
Inelastic 6.24o-6 2.92e-8 

Coh 1.63e-3 4.77e-4 
Inc 2.14e-5 4.01e-6 
J/V 1.63e-5 1.62e-5 

CoMBoni) 2.4Go-4 2.38o-6 
InclBorn) 1.150-6 2.30e-8 

2. Calculation 

In estimation of beam induced muon background, muons generated at 0 to a 
few ten mRadian is important. Number of muons from all of five muon produc
tion channel for 750 GeV electron beam at these angles was compared in Table 
1. For coherent and incoherent process Improved Weizsacker-Williams(IWW) 
cross section and Born cross section was compared. The Born cross section is 
derived by Kim and Tsai . The merit of this cross section is exactness. This 
cross section is exact in the lowest order in a 3 . The disadvantage of this cross 
section is its slowness in calculation. This cross section contains integrations 
with respect to the undetected muon and nucleons. Kim and Tsai also derived 
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the IWW cross section . The advantage of this cross section is its fastness in 

calculation. This cross section does not contain these integrations. As shown in 

Table 1, coherent channel is by far dominant among 5 channels. The difference 

of the IWW coherent and the Born coherent was less than factor of 1.5. Ac

cordingly only the IWW coherent cross section is used for further calculations. 

The muon energy spectrum produced from 750GeV electron beam incident onto 

Fe target is shown in Fig.2. It is very high energy oriented at forward direction 

whereas it changes to low energy dominant spectrum even for small angle. It is 

noticeable that high energy part of muons which is most difficult to be swept 

out by toroidal magnet is produced into a cone of very narrow opening angle. 

Following assumptions were made to calculate number of muon s incident onto 

the detector; 

1. The number of muons incident into detector is calculate d by integrating 

produced muon i>(Ec, 9, E^) inside cone of some opening angle around the 

beam line. 

£(i mar 0mor 

<t>(Ec, 9max, £„ min) = / AE(i j dW>(Es, 9, EJ 
&I* min 0min 

9mai is the opening angle of the cone determined by distance of beam loss 

point and detector and detector size. 

2. The effect of toroidal magnet is introduced by changing the E,, m l n value 

above. The toroidal magnet sweeps out muon whose energy is less than 

some threshold. This threshold energy is determined from performance 

and location of toroidal magnet. E^ TO1-B = 0 when no toroidal sweeping 

magnet was used. 

3. The attenuation of muon due to any accelerator component between beam 

loss point and detector was ignored. 

4. Scattering inside tunnel was ignored. Fitting of number of produced muon 

inside cone by simple two exponential term function was tried as it is 

very tedious to repeat integration for all the beam loss point. This fitting 
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function is expressed as 

+ME., ft—, E> min) = a(l - e-b »—) + c(l - e'd •—) 

The fitting parameters a,b,c,d are shown in Table 2. 

1/1.3 < <j> I <t>(it < 1.3 for E„ mi„ < 20GeV and 1/2 < <£/<)!,,-, < 2 
for £„ „ i n = 50GeK. <f> and f,,-, for £ e = 750GeV, E» m l B = 0 and WGeV is 
shown in Fig.3 as an example. Detector radius was assumed to be 4.5m and 
muons which does not apart from beam line more than 4.5cm at the Interaction 
Point(IP) was ignored as detector was assumed to be insensitive at that region. 
20 Beam loss points were assumed between 0 and 400m from the IP. The toroidal 
magnets were assumed to be located at 100,200,300,400m from the IP. The 
performance of Toroidal magnet was assumed to be ITesla * m. The number 
of muon incident onto detector per lost electron is shown is Fig.4. When no 
toroidal magnet is assumed, the number of muon is higher for beam loss at a 
point close to the IP because wider solid angle is sustained by detector. When 
toroidal magnet is assumed the number of muon is reduced by a factor of about 
two to three. The number of muon is flat between each totoidal magnet. This 
is because high energy part of muon which survive the sweeping out by toroidal 
magnet is produced in a cone of very narrow opening angle. 

3. Discussion 

It is possible to sweep out all the produced muon using higher performance 
toroidal magnet. It is necessary to optimize the performance and location of 
toroidal sweeping magnet. As muon from pion or kaon decay may be important, 
they were ignored in this simulation. Further calculation of these channels 
is necessary. FLUKA82 code is adequate to calculate contribution of these 
channels. Stray muon simulation is also important and Monte Carlo simulation 
is most adequate for this purpose. 
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Table 2. Fitting Parameters for j/n 

Ee EM. min a b c d 
(GeV) (GeV) 

750 0 1.63e-3 0.0712 0 — 
2 1.08e-3 0.0913 0 — 
5 7.21e-4 0.178 1.31e-4 0.928 
10 4.71e-4 0.248 2.81e-5 0.107 
20 2.84e-4 0.343 3.75e-6 0.127 
50 1.31e-4 0.496 1.60e-7 0.161 

500 0 1.27e-3 0.0544 0 — 
2 7.B3e-4 0.0800 0 — 
5 4.84e-4 0.107 0 — 
10 3.07e-4 0.241 2.01e-5 0.104 
20 1.81e-4 0.340 2.5ie-6 0.126 
50 8.00e-5 0.494 1.03e-7 0.161 

250 0 7.24e-4 0.0339 0 — 
2 3.88e-4 0.0674 0 — 
5 2.31e-4 0.101 0 — 
10 1.41e-4 0.234 1.03e-5 0.103 
20 7.78e-5 0.334 1.23e-6 0.126 
50 2.84e-5 0.490 4.35e-8 0.166 
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4. Conclusion 

Beam induced muon background was estimated for coherent pair production 
from photon. For typical parameters assumed for JLC, the number of muon 
incident onto detector is of the order of 10_ 3muon/lost electron. Contributions 
from four other major muo n production channel was shown to be very small 
comparing the coherent production. The effect of toroidal magnet(lTej/a* m) 
to sweep out low energy muon was investigated. This magnet reduced number 
of muon incident onto the detector by a factor of 2 to 3. 
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Minijet backgrounds at JLC 

Akiya Miyamoto 
National Laboratory for High Energy Physics 

ABSTRACT 

The event rate and the various distribution of the minijet background at JLC 
is studied and the preliminary results of a Monte Cairo simulation of the minijet 
event is presented. 

1 Introduction 

The hadron production by two photon process in e+e~ collision is described by 
Vector Dominance Model( VDM) in low p, region and Quark Parton Model(QPM) 
in high pt region[l]. With a phenomenological fit of VDM model parameters, a 
sum of VDM and QPM reproduces the experimental data well when the photon 
virtuality (Q1) is large. However, in low Q2 region, several groups have observed 
the excess of the data which can not be reproduced by the sum of VDM and 
QPM[1,2). To describe the excess in low Q* region, M. Drees and R. M. Godbole 
proposed the minijet model[3]. In addition to the direct quark pair production 
(QPM), they include a collision of photon and parton in the photon (once re
solved) and a collision between partons in the photon (twice resolved), as shown 
in Fig. 1. Recently, AMY shows that the excess in low Q2 and high pt region 
can be successfully described by the minijet model[5]. Preliminary results of 
TOPAZ[6] and ALEPH[7) reproduced the AMY result, though the event shape 
analysis to establish the spectator jet effect and a reliable determination of parton 
density function remains to be done. 

The minijet model has a serious influence to a future e + e " linear collider, 
where, in addition to bremstrahlung photons, beamstrahlung photons are pro
duced as a result of the luminosity enhancement by the pinch effect. The particles 
produced by the photon-photon collisions may spoil the cleanness of e + e " col
liders. It is already pointed out that a naive extrapolation of the minijet model 
to the high energy predicts so many hadron productions when the round beam 
optics are used that it is hard to perform experiment in clean environment^]. 
The flat beam optics or lower bunch luminosity can reduce the background[9]. 
Though, J. R. Forshaw and J. K. Storrow pointed out that, by eikonalization, 
low energy hadron production at high energy is reduced about a factor 5[8], we 
must study the minijet yield carefully when we design linear collider. 
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a) Direct 

+ Crossed 
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£. Spectator jet 

Figure 1: Diagrams of hadron production in two photon process. 

The purpose of this paper is to estimate the minijet rate of the JLC [12] and 
present the preliminary results of a Monte Carlo simulation of minijet events, 
which are described in section two and three, respectively. 

2 Minijet background rate 

We calculate the cross section of the minijet event according to the M. Drees and 
R. M. Godbole model[3]. The differential cross section of the minijet production 
is expressed by the following formula; 

da 
dildx2di3dxidcos6 

•• fc-h{Q\ x, )fc*h(Q\ x2)D^r{Q\ X 3 ) />VP(Q 2 > **) 
da 

dcosO (1) 

where /„±/ 7 is a 7 density function inside e*, Dy/P is a parton ( photon, gluon or 
quark ) density function inside 7, and T ^ T is a differential cross section of the 
subprocess. $ is the scattering angle of the subprocess in CM system. X| and 
X2 are photon energies scaled by beam energy and X3 and x< are parton energies 
scaled by the original photon energy. As the energy scale, we took Q* = £/4, 
where J = x\ xix3x4s and s = 4££. o m . 

For the bremsstrahlung photon spectrum, we use the EPA formula with a 
modification to suppress the contribution of highly virtual photon[4J; 

feh(Q\x) = 0.85 
2it x ml (2) 
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Figure 2: A comparison of the photon spectrum due to bremsstrahlung(dash) 
and beamstrahlung(solid), at Ebtam = (a) 150, (b) 250, (c) 500, and (d) 750 GeV. 
Data points are the results of the ABEL simulation. 

where m, is the electron mass. For the beamstrahlung spectrum, we use the pho
ton spectrum under multiphoton emission derived by K. Yokoya and P. Chen[10]. 
In fig. 2, we compare the energy spectrum of the bremsstrahlung photon and the 
beainstrahlung photon , together with the ABEL simulation[ll]. The beam
strahlung spectrum corresponds to the planned JLC parameters[12] whose lumi
nosities are 1.4, 2.4, 8.8, and 13nb-'/sec at E b M n i =150 , 250, 500 and 750 GeV, 
respectively. As seen in the figure, the analytical formula for the beamstrahlung 
spectrum reproduces the exact spectrum obtained by the ABEL simulation, ex
cept the slight difference in low energy region. Comparing to the bremsstrahlung 
photon, the beamstrahlung photon dominates only in low photon energy region 
when the beam energy is less than 250 GeV, while it dominates most of the region 
at high beam energy case. This difference reflects the difference of the average 
beam energy loss by beamstrahlung(A£7£), which is 4% at Et,cam = 250 GeV, 
while 15% at 500 and 750GeV. 

For the parton density function inside the photon, three parametrization are 
available. DO paramctrizatjon[13] is an asymptotic solution to photon's APE 
equation and proportional to /n(Q 2 /A ! ) . Since no hadronic part is included, 
we need to add VDM part which is not easy to estimate reliably for the ap
plication to linear collider energy region. It is also divergent at low x region, 
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Figure 3: da/dpt for each subprocesses at (a) \/s= 1 TeV and (b) </s = 60 
CeV. The subprocesses are 1:77 —» qq, 2:fq —> gq, 3:fg —> qq, 4:qq(q) —> qq(q), 
5:<7? — 99, G-ig -* 19, 7-99 — ?9i a>>d 8:gg -» gg. 

which is important to estimate minijet background rate at linear collider. DG 
parametrization[14j uses the APE equation to determine Q2 evolution of the 
density function while fixing the input data at Q2 = 1 GeV 2 so as to reproduce 
the TASSO's data at 5.9GeV2. DG parametrization had some ambiguity, be
cause only one data is used to determine the parton density function. Recently, 
H. Abramowicz, et al.[15] made the new DG like analysis using the much larger 
data sample. They obtained three solutions depending on the #0 values and 
the treatment of the gluon function. Their results for gluon density function are 
quite different from DG parametrization, especially at low x region. We will need 
the new data from HERA experiments to fix the ambiguity in the parton density 
function. 

Now we show various distributions. The breakdown of the differential cross 
section is shown in Fig. 3, in the case of the bremstrahlung photon using the DG 
parametrization. In addition to the spectrum at y/s =1 TeV, we also show the 
spectrum at ^/s = 60 GeV to compare the sensitivity to the minijet signals at 
presently accesible collider energy. At 60 GeV, 73 and qg collisions are dominant 
contribution at low p, region. The contribution of the direct process is about 
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Figure 4: The total minijet cross section integrated from P i m ; n to the maximum, 
as a function of Pim ,„, using the bremstraulung photon spectrum at \/s = 1 TeV. 
Solid curve is DG parametrization, dot dashed curve is LAC set 3 parametrization 
and dotted curve is LAC set 1 parametrization. 

factor 5 smaller than qg collision. On the otherhand, at 1 TeV, gg and gq 
collsions are dominant in the region of pt less than 30 GeV. At very low pt, gg 
and gq contribution is two order of magnitude greater than the direct process. 
Therefore the precise determination of the gluon density inside the photon is 
crucial for the reliable estimate of the minijet background. 

Total minijet cross sections, integrated from the minimum pt to its maximum 
are shown in Fig. 4, for three different parametrizations of the parton density 
function. The calculation is done at y/s = 1 TeV using the bremstrahlung photon 
spectrum. In LAC set 1 parametrization, Q$, where gluon and quark distribution 
is parametrized, is assumed to be 4 GeV 2 and that for LAC type 3 is 1 GeV 2. 
The gluon density of LAC set 1 parametrization is more than three times larger 
in low x region than that of DG parametrization, while that of LAC set 3 is 
larger than DG parametrization at large x region. These differences in gluon 
density function are the main source of the difference in the prediction of the 
minijet cross section. In any case, LAC parametrization predicts larger minijet 
cross section than DG parametrization. 

Fig. 5 is the cross section as a function of the photon energy. Though number 
of high energy photon is relatively small, they produce the larger number of 
minijet. For examples, in the case of the DG parametrization, the photons whose 
energy is greater than, say, 50 GeV produces about an order larger number of 
minijet than those below 50 GeV. Though the reduction of the number of photon 
is essentially important, the reduction of the high energy photon is more effective 
than to reduce low energy photons. 
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Figure 5: dojdx^ at 1 TeV of three parton parametrizations;DG(solid), LAC set 
1 (dashed), and LAC set 3 (dotdashed), for the beamstrahlung photon. 

Total minijet rates due to bremsstrahlung and beamstrahlung photons at 
different beam energies are compared in Fig. 6. We use DG parametrization 
and no cut is imposed to the produced parton angles. Independent of P(m<„, 
the bremsstrahlung photon is dominated at Ebeam = 150 GeV, while the beam
strahlung photon contribution is an order larger than the bremsstrahlung pho
ton contibution when Eb<,«m=500 and 750 GeV. Since the beamstrahlung photon 
spectrum becomes hard at higher beam energy, the minijet cross section due to 
the beamstrahlung photon relative to that due to the bremstrahlung photon in
creases at higher beam energy.The number of minijet for pt greater than 1 GeV 
are summarized in Table 1, using DG parametrization. The expected minijet 
yield at •Ja =1 and 1.5 TeV is quite large. Since there are 20 bunches in a 
bunch train, there are 3 to 10 underlying events in any physics signal even if 
we are equiped with a very good timing resolution detector to separate signal 
from different bunches in the train. We will need the serious study to estimate 
the effect of the underlying low p, events to the physics study, or we should use 
the parameter with smaller beamstrahlung photon for the experiment at \/s = 1 
and 1.5 TeV. Since the background estimation of DG parametrization is smaller 
compared to the LAC parametrization, the background at y/s = 0.5 TeV may be 
serious, if we could not separate the signal from the different bunch. In anycase, 
a detector whose timing resolution is good enough to separate the signal from 
different bunch is essential for the experiment at JLC. 

The resolved process also produces the large p, events, which can be a back
ground to physics signal selection. Fig. 7 show dojdmjj as a function of rrijj at 
0.5 TeV and 1.0 TeV, for direct process only and all processes. As can be seen, 
two photon hadron background is larger than that with only direct process. The 
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v^(TeV) Z,(nb _ 1/sec) # Event 
0.3 1.4 0.4 
0.5 2.4 3.2 
1.0 8.8 76 
1.5 12.7 170 

Table 1: The number of minijet events per bunch train crossing, expected using 
DG paranietrization. 

Figure 6: Same as Fig.4 using DG parametrization for beamstrahlung pho-
ton(solid) and bremstrahlung photon(dashed). The numbers attached to the 
figures are the center of mass energy. 
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Figure 7: d<r/dm1} as a function of rrijj, at 1 TeV and only direct process (solid) 
and all processes (dash), and at 0.5 TeV and direct process (dotted) and all 
processes (dot-dahsed). 

most of the new physics signal is characterized by missing Sp ( , while the Ep ( 

of two photon hadron process is close to zero. Therefore, two photon hadron 
process may be reduced by requiring the pt unbalance of the event. However, 
the background estimation is usually done using direct process only, it is worth 
to reconsider including the resolved process contribution. . The rapidity of the 
hard scattered parton are required to be less than 1. 

3 Background event simulation 

The minijet events produce two kinds of background; the underlying low pt events 
in physics signal and high p< events resembling a physics signal. In this section, 
we study the property of low pt minijet events based on a Monte Cairo program. 
For this study, a construction of a realistic model for parton hadronization is 
quite important, because the numbers of tracks produce in a detector acceptance 
is depend on how we hadronize a parton. 

A hadronization model used in this study is as follows. When a photon is 
resolved to quark or gluon, the rest of the energy is given to a spectator parton, 
which is produced along the beam direction. The number of final state parton 
is two, three, or four, depending on whether event is direct, one resolved, or two 
resolved process. They are hadronized using LUND6.3[16] string fragmentation 
model. 

A typical minijet event is shown in Fig. 8 together with a typical e + e " —* 
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Figure 8: Lego plots of calorimeter signal of (a) a typical physics event, 
e + e " —> W+VV" at y/s = 500 GeV, and (b-c)typical minijet events. 

W+W~ event. Comparing to the signal of the physics process in interest, the 
energy of the minijet event is quite small. In addition, due to the large boost 
toward beam direction, the most of the tracks of minijet event go to the forward 
direction, while the physics signal with interest is mostly in large angle region. 
A jet finding algorithm to select the region with large energy flow will help to 
reject the background tracks. 

An energy and cos 6 distribution of tracks are shown in Fig. 9 by a scatter 
plot. The Monte Cairo is done at ^/s = 1 TeV, using DG parametrization 
and bremstrahlung photon spectrum. The Pi m i „ of generated event is 1 GeV. 
The distribution clustered in the forward region, because p z sum of the most 
of the collisions are not balanced. The most of the entries in the region of 
small | cos 6\ are particles produced by hadronization of spectator parton system. 
Since, according to our model, the most of the event is the collision between low 
energy gluon in photon, the spectator parton has the most of the photon energy. 
In our model, the large number of high pt minijet event is equivalent with the 
large number of energetic parton pairs produced in +z and — z direction, whose 
hadroniztion produces the low p, tracks in small | cosi?| region. Therefor, the way 
we assign energy to the spectator system and its hadronization method, such as 
how we emit hard gluon , determines the particle spectrum in the central region. 
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Figure 9: A scatter plot of energy and cos0 of particles of minijet events. 

These items must be studied further. 

4 Conclusion 

According to the minijet model by M. Drees and R. M. Goodbole, we have 
shown that, at y/3 = 1 TeV, the most of low pt minijet event is produced by 
the subprocess gg —> gg and qg —• qg, high energy 7 produces 10 to 100 times 
more minijet event than low energy 7 and the new photon structure function 
obtained by LAC gives 3 ~ 10 times larger minijet cross section. If we use the 
DG parametrization of the photon structure function, a number of minijet event 
per pulse with pt greater than 1 GeV at JLC is about 3, 76, and 170 at ^s = 500, 
1000, and 1500 GeV, respectively. The most of the events are collisions between 
beamstrahlung photon. 

Based of the Monte Cairo simulation of the minijet event, we showed that 
the produced particles are clustred in forward region and low energy, therefore, 
jet finding algorithm may help us to get clean physics signal even if there are 
many underlying minijet background. The detector should have good timing 
resolution to separate the signal from different bunch and reduce the underlying 
background as low as possible. 
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Proposal for JLC-300 W 

S. Orito 

University of Tokyo 

Abstract 

I propose to concentrate all our efforts toward the earliest possible starting 
of physics with JLC-I at yfs of 300 GeV, which will extend to 600 GeV. Such an 
e +e~ collider is of crucial importance, since recent data from LEP suggest the 
existence of exciting physics at relatively low energies: Firstly the LEP precision 
measurements constrain the top quark mass to be most likely below 150 GeV. 
Secondly the precision sin2 flw and coupling constants, together with the m i / m r 

ratio, constitute strong evidences for Grand Unification (GUT) or more likely 
SUSY GUT, both of which firmly predict the existence of a light Higgs particle 
below 200 GeV. 

JLC-I will be a unique facility for detailed studies of the top. More crucially, 
JLC-I will either discover a light Higgs particle, independent of its decay charac
teristics, or exclude the most promising scenario of GUT and SUSY GUT, thus 
determining the future direction of particle physics. JLC-I, with its expected high 
luminosity and high beam polarization, can also serve as a powerful omnipurpose 
factory capable of producing 104 Higgs, 105 Top, 5 x 10*Z° and 5 x 105W per 
year, for detailed studies and to search for very rare processes. 

As for the Supersymmetric particles, the sleptons and charginos are expected 
to be much lighter than squarks and gluinos according to SUSY GUT prediction. 
Discoveries, identifications, and studies of the sleptons and charginos, as well as 
the most of physics mentioned above (detailed top study, decay- and parameter-
independent discovery and study of Higgs) seem possible only with e + e~ colliders. 
Therefore such an e + e" collider, complementary to hadron colliders, is of crucial 
importance and is urgently needed. In view of unfortunate situation of USA and 
Europe competing with super hadron colliders SSC and LHC, early realization of 
JLC-I, open to international utilization, seems to be the best contribution which 
Japan could do for the world particle physics community. 

<•> Written Engliih venion of Univeriity of Tokyo preprint UT-ICEPP 92-01, which wu 
the copy of the transparencies of the talk given at the Third JLC Workihop on February 20, 
1992. This paper does not include progress lince the workihop. 
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1 Introduction 

When we proposed JLC in 1985 as the major Japanese project after TRISTAN, 
some of the proponents (e.g. Y. Kimura and S. Orito) were setting the starting 
•^/s at 500 GeV [1]. The physics reason for this was simply that the new physics 
such as Higgs or Supersymmetric particle could appear at any energy. If so, some 
facility in the world must cover the e + e~ collision above LEP-II. This starting 
energy was also supported by the judgement that a TeV e + e " linear collider 
would be a formidable technical and financial challenge and that we would need 
one step between. 

In this five years however, most people were discussing as if it was necessary to 
reach 1 TeV in a single step. I guess this is mainly due to "TeV-syndrome", which 
gave people misimpression that next physics would start only at or above TeV. 
But Original naturalness or hierarchy argument, theoretical anyway, does not 
exclude the possibility of new physics (Higgs, Supersymmetry, etc.) appearing 
at energies very much below TeV. 

In this talk I would like to remind you that the recent progress in the ex
periment and theory points strongly toward light top and Higgs below 200 GeV. 
This recognition results in a proposal to place our top priority on the earliest 
possible start of JLC-I at y/ji = 300 GeV. 

The masses of Supersymmetric particles are less constrained. Recent stud
ies in the Supergravity framework however suggest that sleptons and charginos 
would probably be lighter than 200 to 300 GeV in order to naturally satisfy 
cosmological and particle physics constraints [2]. JLC-I should then be designed 
such that the energy can be extended to cover </s up to 600 GeV in relatively 
short time with smooth and minimum upgrading. 

JLC-I should of course be regarded as the necessary Phase-I stage toward 
realizing TeV linear colliders such as JLC or NLC. 

2 Low Top Mass from LEP Data 

Precision electroweak data from LEP verify the correctness of the standard model 
to an amazing accuracy. LEP data combined with My/jMz measurement from 
UA1, UA2, and CDF can then be used to constrain the two unknown parameters 
(A/,,A///) in the frame of the standard model. As seen in Fig. 1, the fit [3] strongly 
favor a low top mass around 130 GeV with the upper limit of 150 GeV (with 
70% C.L.). Inclusion of Supertymmetry is expected not to change the conclusion. 
The "rate" of a top candidate at CDF it said to point to a similar top mass below 
150 GeV, if it is not due to a background nor to a large statical fluctuation. 
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If the top mass is really that low, CDF and DO may well obtain the evidence 
and an approximate mass of the top in coming years. However, detailed study of 
this last quark is very important and has to be done. This seems to be feasible 
only with e + e " collider. With JLC-I, a high statistics (10 5/year) study of top 
in a background free environment is possible, which will provide a precision top 
mass, an unambiguous a, determination, \Vtb\ measurement etc. All of which are 
of invaluable importance. 

3 Hints for GUT and SUSY GUT 

There are many theoretical motivations for Grand Unification (GUT) cited in 
literatures such as : charge quantization of leptons and quarks, the unification of 
Gauge interactions, and origin of sina 0w- The Supersymmetry (SUSY) is said to 
be necessary to cope with : short distance divergence, the unification of Gravity, 
hierarchy of Mw and Mpumck, and utterly small cosmological constants. These 
motivations are very fundamental and very profound, and let us believe that 
GUT and SUSY scenario has to be taken seriously. 

There also exist following hints or "evidences" for GUT or SYSY GUT. 

1. The observed mi,/mT ratio has been known to coincide with GUT predic
tion, which is obtained by starting with Yukawa coupling At = AT at GUT 
scale and running down through the Grand Desert. 

2. The approximate value of sin2 0w has also been known to agree with GUT 
(with Desert) prediction. Furthermore recent precision measurement of 
sin 20w at LEP agrees perfectly with SUSY SU(5)-GUT (see Fig. 2). 

3. Starting from precision coupling constants measurements at LEP, the Grand 
Unification of the three Gauge interactions appears to be realized if one in
troduces SUSY-like mechanism to slow down the running (see Fig. 3). 

4. The top mass deduced from LEP is in the right range to realize the radiative 
symmetry breaking of Electroweak interaction in SUSY GUT schemes. 

5. It is also amazing that the relic density of the lightest Supersymmetric 
particle (LSP), calculated in Supergravity models, naturally fall in the 
right range (0.1 < Qh2 < 1) to be the dominant cold dark matter of the 
Universe. 

None of these hints can be considered as "Proof", but as a whole constitute 
strong evidences for GUT and fUSY GUT. 
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4 Light Higgs Predicted by GUT and SUSY 
GUT 

GUT extension of the minimum standard model with Grand Desert is known 
to predict a low Higgs mass, in order to avoid the blowing up of the Higgs self 
coupling A before reaching the GUT energy scale (see Fig. 4). Otherwise, all 
successful quantitative predictions on m\,jmT, sin'flw, etc. would be lost. This 
Higgs mass limit depends on the top mass mt, and is TTIH < 200 GeV for mt < 200 
GeV. 

In SUSY scheme, A is determined by Gauge couplings j i , j j . The Higgs mass 
in SUSY is therefore tightly constrained. Okada et al. [6] show that the mass 
of the lightest SUSY Higgs h" has to be below 160 GeV for m, < 200 GeV. 
Extensions such as inclusion of extra matter families, or extra scalar singlet do 
not significantly change this limit [7]. 

Therefore both GUT and SUSY GUT firmly predict the existence of at least 
one light Higgs well below 200 GeV. The detection of these light Higgs will then 
be the crucial test of GUT or SUSY GUT. 

5 Higgs Detection at JLC-300 

The dominant process of Higgs production at this energy is through e + e~ —» 
Z°HSM via ^-channel exchange of virtual Z°. Since this is due to the Gauge 
couplings to produce Z° mass, there is no ambiguity in calculating the process. 
Fig. 5 shows the tree level cross section for the standard Higgs as function of 
Higgs mass and y/s. As seen in this figure, Higgs up to 200 GeV can be copiously 
produced at ^/s of 300 GeV. 

In case of SUSY, each of the two CP even neutral Higgs h° and HD can be 
produced in similar Z°h° or Z°H° processes. The production cross sections can 
be expressed by 

<7(e+e- -» h°Z°) = sin'(/3 - a)tr(e*e- -> H S M Z 0 ) 

<7(e+e- -> H°Z0) = coi'(/? - a M e + e - -» H S M Z°) 

The value sin'(/9 - or) is a function of SUSY Higgs parameters (ta.nP,M/Li), and 
approaches to 1 as M\o increases beyond 100 GeV. Therefore two extreme cases 
are ]) h° and H° both produced at JLC-300, the sum of the cross sections equal to 
the cross section of the standard model Higgs. 2) only h° accessible at y/s = 300 
GeV. The h° resembles closely the standard model Higgi. 

In any case, at least one Higgi will be detected at JLC-300, 

403 



The Higgs event is very characteristic. All of three Z° decay modes Z° —» vv, 
e*e* and /i +/i~, 2 jets can be independently utilized for the Higgs detection. 
In Z° -* vv case acoplanar 2 jets plus large missing energy is distinctive signal. 
In Z° -» e+e~, n+/i~ case, the Higgs can be detected from the peak in missing 
mass recoiling against e+e~ or li+fi~. It should be noted that in this case the 
Higgs detection is completely independent of the Higgs decay. The Higgs can be 
detected even if the Higgs decay completely into invisible particles, as some of 
exotic models predict. 

Detailed simulation on the Higgs identification will be described in another 
note in this workshop [8]. 

6 Higgs Factory 

If the light Higgs exist, about 105 Higgs per 100 days can be produced with 
the expected luminosity of 5 x 103 3cm"2sec"' at y/s of 250 to 300 GeV. The 
detailed study of the Higgs properties can then be performed in a background 
free condition [8J. The mass, the production cross section, and the branching 
ratios into such channels as ( 6 6 , T + T ~ , 7 7 ) can then be accurately measured in 
search of non-standardness or the the indication for the SUSY nature. In this 
process, we should be able to either exclude a large portion of (tan/3,A/Ao) space 
in SUSY scheme, or find evidence for the SUSY nature and determine these 
parameters. 

7 Detector Requirement 

A detector much better than the one discussed in this workshop seems to be 
required. Since the physics we expect is extremely rich and exciting, we have to 
do every effort to design and construct an excellent detector. As an example, the 
Higgs width is expected to be very narrow (r = 0.01 to 0.1 GeV at m// = 120 to 
150 GeV). It would be nice to push the detector performance to the limit to see 
if the Higgs width is consistent to be that narrow. Also since the beamstrahlung 
is not very severe at this low energy, we may be able to maintain a reasonable 
luminosity even with a small beam energy spread of say ±0.3%. if so, the missing 
mass resolution will be determined by the detector resolution. 

The detector therefore should have an excellent momentum resolution of 
"PTIPT ~ IQ~4PT for each track. This can be achieved with 80 points mea
surements over 170 cm in a drift chamber, each with 100 /im accuracy, in the 
magnetic field of 2 Tesla. The vertex constraint and the vertex measurement with 
the silicon vertex detector will further improve this to : ff/y/ZV ~ 0.5 x 10~*PT. 
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Drift gas with low density such as He+ethane and Al wires have to be used to 
minimize the multiple scatterings. Also the calorimeters should achieve the state 
of the art performance in the energy and position accuracy. Excellent vertex de
tector is essential for 6-tagging from top or Higgs, consisting perhaps of 3 layers 
of doubly sided silicon strips or CCD. 

Note that JLC-300 can have a large luminosity of about 10 3 3 cm _ 2 sec" 1 even 
at Z° peak. Precise calibrations and detailed mapping of the detector can then be 
performed by going back to Z° peak once or twice per year and collecting 5 x 10T 

events in 10 days. Ultimate performance of the detector will be determined not 
by the calibration problems but by the design and construction of detectors. 

8 Z°, W, Top Factory 

We expect, with JLC-I, typical luminosities of 2 x 10 3 3 at Z° peak and 5 x 10 3 3 

at y/s of 250 to 300 GeV. JLC can be utilized as powerful omnipurpose factory 
capable of producing 5 x 10*Z°, 5 x 105W, and 10 s top per 100 days, equipped 
with the option of a high e~ beam polarization. Following studies become then 
possible. 

1. Search for very rare Z° and W decays. 

2. Search for lepton-number violating processes such as Z° —> e/t and T —»prf. 

3. 6-factory such as very rare b decays and study of CP violation. 

4. Precision check of the lepton-Universality in Z° and W. 

5. Ultra precision measurements of the all electroweak parameters, mz, mw, 
m-i, sin dw 

6. Precision study and the search for anomalous Gauge couplings of Z° and 
W. 

7. Detailed study of top. 

9 Detection and Study of Sleptons and Charginos 

SUSY GUT generically predicts that the ileptons and charginos must be lighter 
than squark and gluinos. If their masses are below 300 GeV, their detection leemt 
to be easy with JLC-I. JLC-I will then be ft unique machine capable of identifying 
6 sleptom (eR.et.MR./ii.fft.ft) and charginoi (£*) separately and studying each 
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of them in detail. The mass of the LSP can be determined from the decay lepton 
spectrum from the sleptons, and we might be able to tell if LSP can be the dark 
matter of the Universe. If the stop turns out to be light enough as some models 
suggest, its identification and study will be possible. 

It should be noted that the squraks and sleptons each are expected to be 
almost degenerate in masses. They might decay in complex cascade manner. An 
unambiguous identification and study of the Supersymmetric particles, especially 
sleptons and charginos, seem to be feasible with only e + e" colliders. 

10 Possible Schedule 

We should aim to submit official budgetary request for 1996. Then the starting 
of physics around year 2000 might be feasible. Fig. 6 indicate an optimistic time 
schedule. 

Toward this end, I propose that we get together and work hard to produce 
the proposal for JLC-I in 1992. 
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